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Abstract 
Emissions of plant protection products (PPP) from covered crops to air, groundwater and 
surface water were estimated to support EFSA in the development of guidance on risk 
assessments for protected crops. Key driving factors for annual emissions to air from a multi-
span greenhouse and walk-in tunnel in the southern zone were outside climate, vapour 
pressure and other factors influencing the volatilisation rate of the PPP, the ventilation rate of 
the greenhouse and competing loss processes of the PPP. A comparison between emissions 
via volatilisation in the field and emissions via ventilation from the covered structures was 
difficult, because it was not possible to use the same methodology to calculate both. 
Emissions to air via drift from an area covered with walk-in tunnels were estimated to be 
similar to those in the field. This is based on the assumptions that only a single tunnel on the 
leeward side of the area contributes to losses via drift and that different application techniques 
are used. Calculated emissions to groundwater of various PPP applied in a greenhouse in the 
central zone were smaller than emissions in the field. Annual emissions to surface water via 
drainage systems were also smaller for a soil-bound greenhouse crop than for a field crop 
except for rapidly degrading compounds. Losses of PPP to surface waters from soil-less 
systems depended on the application method and timing, the outdoor weather and 
characteristics of the growing system. The work indicated that wash-off of PPP with 
condensation water could potentially be an important process, but significant attenuation may 
occur before the PPP reaches surface water. 
The model calculations showed that emissions from covered crops to all receptors are 
potentially significant. The results imply that a risk assessment should be undertaken for 
covered crops. In many cases, the risk assessment based on the methodology for the field is 
likely to be protective for covered crops, but there are situations where this may not be true. 
However, the uncertainties and limitations inherent in the assessment must be kept in mind 
and additional work is needed to test the validity of the conclusions drawn for a wider range 
of conditions. Emissions from soil-less cultivation systems via discharge and condensation 
and emissions from soil-bound systems via losses in condensation water are not addressed by 
the current risk assessment methodology for the field, because an equivalent route of entry 
does not exist outdoors. It may, thus, be necessary to develop risk assessment scenarios for 
these situations.  
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Summary 
This project was undertaken to support the Scientific Panel on Plant Protection Products and 
their Residues (PPR Panel) of EFSA in the development of guidance on the risk assessment 
methodology for covered crops. The specific objectives of the assignment were: 
• To calculate emissions of selected plant protection products from up to two cover 
structures and crop growing systems; 
• To calculate emissions of plant protection products to the receptors air, groundwater 
and surface water; 
• To identify key driving factors and influencing variables that control emissions from 
covered structures, which will help to ascertain the protected crop scenarios emissions 
that are likely to be different from open field cultivation. 
Only one regulatory zone could be considered for each receptor due to the constraints of the 
project. Selected structures and cropping systems were taken into account and simplifying 
assumptions had to be made. The PPP related parameters were varied to some extent, but the 
effect of properties, application dates, frequencies and methods could not be fully explored. 
The models used within the assignment and their parameterisation carry a degree of 
uncertainty. The results are thus only valid for the conditions tested and an extrapolation to 
other regulatory zones, scenarios and compounds should be undertaken with care. 
Nonetheless, the results are very helpful in defining the key driving factors influencing 
emissions from protected crops compared with the field situation.  
Emissions to air via ventilation 
The key factors influencing emissions to air from ventilation are (i) the climate, (ii) the 
ventilation rate of the structure, (iii) the vapour pressure of the substance, (iv) other factors 
influencing the rate of volatilisation, and (v) the rate of dissipation and fixing (uptake or 
absorption) of the PPP by soil and/or vegetation. 
The climate inside a walk-in tunnel and a multi-span greenhouse in the southern zone and the 
ventilation rate was calculated for 13 years for a tomato and lettuce crop with the KASPRO 
model. Emissions of a PPP with a vapour pressure of 0.5 mPa to the outside air were 
calculated with the greenhouse emission model developed by Holterman. Consensus Pearl 
was used to calculate emissions to air from the open field. There were discrepancies between 
the results for the covered structures and field. These could not be explained by the difference 
in the climatic conditions alone. There are conceptual differences between the models that 
make the interpretation of the results difficult. Nonetheless, it can be said with reasonable 
confidence that emissions to air from covered structures via volatilisation are not necessarily 
smaller than emissions in the field. 
Emissions to air via drift 
In this project, drift is defined as the total mass of PPP leaving a structure or field area by 
aerial transport during the spray application; drift can occur as droplets as well as vapour 
(other than by volatilisation). Emissions to air via drift were calculated for an area with walk-
in tunnels and the field. For the open field, the key driving factors are the droplet size 
distribution of the nozzle used for application and the temperature at the time of spraying. For 
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the walk-in tunnel, there are additional factors concerning the air movements within the 
tunnel, and the behaviour of droplets after exiting the tunnel.  
To our knowledge, there is currently no model to simulate drift from a walk-in tunnel. Drift 
was thus estimated based on general physical processes such as sedimentation of spray 
droplets due to gravity and flow of drops in still air. The results are not directly comparable to 
the field situation, because it is not known to what extent the drift from every single tunnel on 
a 1-ha plot will contribute to an emission from the entire plot. It is assumed that there are 33 
tunnels on 1 ha, and that only the tunnel on the leeward edge of the plot will contribute to 
emission. In that case the emissions from a 1-ha area with walk-in tunnels are similar to those 
from a 1-ha field. The behaviour of droplets outside each tunnel is thus critical in determining 
the overall emission. We simply do not know what will happen in practice, and this should be 
clarified. It should also be noted that the results are based on the assumption that the 
application technique typically used in the walk-in tunnel generates more drift than that used 
in the field.  
Emissions to groundwater via leaching 
The climate inside a Venlo type greenhouse in the Netherlands was simulated over 20 years 
with KASPRO based on real outdoor weather data. The volume of water potentially available 
for movement to depth was calculated with WATERSTROMEN for lettuce and 
chrysanthemum crops with two levels of irrigation excess. Leaching to 1-m depth through a 
sandy soil (FOCUS ‘Hamburg’) was then calculated with SWAP/PEARL. The effect of 
degradation and sorption properties of the PPP and the date of application was evaluated for 
one of the greenhouse scenarios. The results for the greenhouse were compared with those for 
a generic crop in the open field.  
The results showed that emissions of PPPs to groundwater can be significant for protected 
crops. The key drivers for each individual compound are the volumes of leaching (influenced 
by the type of crop, length of cropping period and irrigation regime) and the temperature 
(influenced by the type of crop, the structure and the outside climate).  
For all PPP simulated, the emissions from the greenhouse were smaller than emissions in the 
field. This suggests that the emission from greenhouses is likely to be lower than in scenarios 
used in the current risk assessment methodology for the field in many cases. The uncertainties 
and limitations inherent in the assessment must be considered and additional model 
simulations are needed to test the validity of the conclusions drawn here for a wider range of 
conditions.  
Emissions to surface water from soil-bound cultivation via drainage 
A new version of PEARL was used to simulate the movement of a range of PPPs through a 
drained soil in the Netherlands that is prone to macropore flow. Entry into surface water via 
the drainage system was calculated over a 15-year simulation period for two crops grown in a 
Venlo greenhouse and a generic field crop. The results suggested that emissions to surface 
water from covered crops can be significant and it seems necessary to undertake a risk 
assessment for crops intended for greenhouse use.  
For most compounds tested, the losses from the greenhouse and concentrations in a ditch 
were much smaller than those simulated for the field situation. Emissions from the 
greenhouse exceeded those in the field only for compounds with short half-lives in soil. The 
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calculated losses for these compounds were smaller than 0.1% of applied. This suggests that 
the greenhouse situation is likely to be covered by the current risk assessment methodology 
for the field in many cases. But, given the uncertainties and simplifications inherent in the 
methodology used, it may be necessary to develop specific scenarios for protected crops.  
Emissions to surface water from soil-bound cultivation via condensation 
Deposition of volatilised PPP on the walls of a greenhouse without any measures to reduce 
condensation located in the Netherlands and the subsequent wash-off in condensation water 
was calculated with the model by Van der Linden (2009). This was based on volumes of 
condensate simulated with WATERSTROMEN for a lettuce and chrysanthemum crop. 
Losses were calculated for a single year.  
Considerable fractions of the applied amount were simulated to be lost in condensation. The 
mass leaving the greenhouse in condensation water could potentially be discharged directly to 
surface water, but usually the water is stored before discharge and the mass of PPP is then 
reduced by degradation in the storage tank. The condensation water may also seep into the 
soil where the PPP is sorbed and degraded. Substantial attenuation may thus occur before the 
PPP can enter the surface water.  
Losses via condensation are dependent on the temperature inside the greenhouse, volumes of 
condensation, properties of the compound, parameters and model concepts driving the rate of 
volatilisation, and competing dissipation processes. Although this study identified losses in 
the condensation water as a potentially significant route of emission, further work is necessary 
to verify this finding. 
Emissions to surface water from soil-less cultivation 
The water flows inside a closed-loop hydroponic cultivation system for peppers in the 
Netherlands were calculated with WATERSTROMEN. Simulations were undertaken for a 
dry and wet year, for two levels of salinity of the water supply and for two levels of rainfall 
storage capacity. Emissions of a PPP to surface water were simulated for the worst case 
salinity level and storage capacity with the model by Van der Linden (2009). Application was 
made by adding the compound to the nutrient solution or by spraying. The latter method was 
assumed to result in entry of PPP into the system via condensation water that washes 
deposited PPP off the greenhouse walls. 
The calculations undertaken in this study showed that large proportions of the amount applied 
in soil-less cultivation can potentially enter surface water when application is made directly to 
the nutrient solution. The proportion of the annually applied amount that was calculated to be 
discharged depended on the date of application and the year. Key driving factors are the 
pattern of discharge (as influenced by the salt tolerance of the crop, the total annual volume of 
rainfall and the storage capacity of the system the quality of the additional water supply), the 
temperature inside the various water tanks, the application timing relative to the time of 
discharge, and competing dissipation processes such as plant uptake and degradation. 
The simulated emissions to surface water after spray application were relatively small. This 
route of emission depends on additional factors such as the properties of the compound and 
model parameters determining volatilisation and partitioning into condensation water, and the 
extent to which the collected condensation water is re-used in the system. 
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Current risk assessment methodology for open field does not include discharge of used 
nutrient solution to surface water. As this type of emission could, dependent on local 
conditions, involve a significant portion of the application amount, it may be necessary to 
develop risk assessment scenarios to address the greenhouse-specific situation of soil-less 
cultivation. It should however, be noted that a number of worst-case assumptions are inherent 
in the methodology used.  
 
Key words:  protected crops, groundwater, surface water, air, plant protection products 
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Disclaimer 
Only one regulatory zone and selected structures and cropping systems could be taken into 
account in this project. The PPP related parameters were varied to some extent, but the full 
range of possible properties, application dates, frequencies and methods could not be tested. 
The models used within the assignment and their parameterisation carry a degree of 
uncertainty. Simplifying assumptions had to be made. The results of this project are thus only 
valid for the conditions tested the results of this project are thus only valid for the conditions 
tested and an extrapolation to other regulatory zones, scenarios and compound should be 
carried out carefully.  
It should also be kept in mind that each route of emission and each receptor was considered 
separately in this assessment. In reality, the various processes occur at the same time. The 
differences between the indoor and outdoor situation can be thus smaller or larger than 
demonstrated in this project. 
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1. INTRODUCTION 
The purpose of the assignment is to provide scientific information to be used by EFSA for the 
development of new EU guidance on emissions of plant protection products (PPPs) from 
protected crops (greenhouses and cultivations grown under cover).  
A number of Member States have expressed interest in the development of guidance on the 
risk assessment methodology for covered crops. Therefore, the Scientific Panel on Plant 
Protection Products and their Residues (PPR Panel) of EFSA has been asked to develop an 
inventory of protected crop systems and emissions from these systems to relevant 
environmental compartments, and to provide guidance on the importance of emission routes 
including the circumstances under which they are relevant (EFSA, 2010a).  
Protected crop systems require ventilation to control temperature and other growing 
conditions. PPPs are thus likely to be carried to the outside air once they are present in the air 
within the system (EFSA, 2010a). Concentrations of PPPs in air within the covered structure 
can be greater than outdoors, due to higher temperatures and reduced dissipation. Protected 
crops are often irrigated over and above the crop’s requirements. The excess water and 
associated PPP may reach groundwater and/or surface water. Soil-less systems with closed-
loop irrigation need to discharge water in order to control salinity and other growing 
conditions; any PPP that may be dissolved in it is discharged at the same time. Condensation 
water and associated PPP may also be discharged to surface water. Emissions of PPPs from 
covered structures to air and water can thus be different from emissions in open fields (EFSA, 
2010a). The PPR Panel therefore concluded that development of specific environmental risk 
assessment strategies for protected crops is warranted for some cases. 
Due to the large number of combinations of covered structures, crop growing systems, 
irrigation techniques, application methods etc it is not possible to develop detailed risk 
assessment procedures for all situations. EFSA (2010a) concluded that an assessment specific 
to protected crops has to be undertaken only for uses that are not covered by the current risk 
assessment methodology for open fields. EFSA (2010a), therefore, developed a general 
decision scheme to select the conditions that might lead to emissions different from field 
application. The scheme poses the question whether the protection structure, growing system 
or application technique significantly influence the emission of PPPs to the relevant receptor 
or the exposure of organisms in the receptor. Decisions have to be made for each receptor 
separately, for each of the regulatory zones in Europe (North, Centre, South). The Panel 
concluded that there is currently insufficient information available to complete the decision 
trees for the various receptors in detail, i.e. to exactly define for which situations separate 
assessments have to be performed.  
The objective of this assignment is to support EFSA in the completion of the decision tree. 
The research assesses the relative importance of emissions of PPPs to air, surface water and 
groundwater from typical types of cultivation under cover. It informs EFSA if emissions from 
protected crop systems are different from field cultivation for selected situations.  
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The specific objectives of the assignment are: 
• To calculate emissions of selected plant protection products from up to two cover 
structures and crop growing systems; 
• To calculate emissions of plant protection products to the receptors air, groundwater 
and surface water; 
• To identify key driving factors and influencing variables that control emissions from 
covered structures, which will help to ascertain the protected crop scenarios emissions 
that are likely to be different from open field cultivation. 
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2. SCENARIOS 
For the purposes of this assignment, ‘scenario’ is defined as a unique combination of 
• Location 
• Type of cover structure 
• Characteristics of the growing system 
• Soil (where applicable) 
• Temperature regime and water balance (as influenced by climate, management of the 
structure and irrigation) 
• Crop 
These scenario properties were combined with properties of the PPP and application details.  
The aim was to generate example situations for the various routes of entry that allow the 
comparison of emissions from protected crops with field conditions. The methodology for 
soil-bound cultivation in covered structures encompasses the effect of the cover structure on 
the fate and transport of the PPP arising from differences in the climatic conditions, the water 
supply and the resulting water balance. Scenarios for soil-less cultivation account for the fate 
and transport of the plant protection product within the culture system and discharge into the 
surface water depending on water quality and supply.  
An overview of the various combinations of cover structure, cultivation system, water 
balance, temperature regime and crop that were considered is given in Table 1. For 
correspondence with the terminology used in the EFSA coding manual (EFSA, 2010b) please 
see Table 2. Simulations for the protected crop scenarios were compared with those for 
cultivation in open fields (Table 3). Note that there is no emission in the field that is 
equivalent to losses via discharge from soil-less systems. 
The scenarios are described in more detail in Section 2.1 to 2.3. Due to the constraints of the 
project, simulations were only undertaken for one regulatory zone per receptor. The rationale 
for selecting the zone is given below. It should be noted that many of the scenario details 
described here are not actually used in the modelling, because the models are only a 
simplified representation of reality. 
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Table 1.  Overview of scenarios for protected crops  
No Receptor Location Structure Climate data Soil Growing 
system Crop 
Irrigation / 
rainfall level 
Salinity 
level 
Storage 
capacity 
1 Air 
Murcia, Spain Multi span greenhouse Seville Seville soil-bound 
Tomato 
n/a n/a n/a 
2 Air Lettuce 
3 Air 
Sicily, Italy Walk-in tunnel with open 
sides and ends Seville Seville soil-bound 
Tomato 
n/a n/a n/a 
4 Air Lettuce 
5 GW 
Venlo, NL Venlo greenhouse Rotterdam Hamburg soil-bound 
Chrysanthemum 
high n/a n/a 
6 GW Lettuce 
7 GW Chrysanthemum 
low n/a n/a 
8 GW Lettuce 
9 SW 
Westland, NL Venlo greenhouse Rotterdam Soil 414 soil-bound 
Chrysanthemum 
high n/a n/a 
10 SW Lettuce 
11 SW Chrysanthemum 
low n/a n/a 
12 SW Lettuce 
13 SW 
Westland, NL Venlo greenhouse Rotterdam n.a. soil-less Peppers 
high 
high 
high 
14 SW low 
15 SW 
low 
high 
16 SW low 
17 SW 
low 
high 
high 
18 SW low 
19 SW 
low 
high 
20 SW low 
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Table 2.  Linkage of scenarios with standard terms in the EFSA coding manual (EFSA, 2010b) 
Data field Record EFSA code EFSA definition 
Location Murcia, Spain NUTS code ES62 Región de Murcia 
 Sicily, Italy NUTS code ITG1 Sicilia 
 Venlo, NL NUTS code NL42 Limburg (NL) 
 Westland, NL NUTS code NL33 Zuid Holland 
Structure Multispan greenhouse Hi-technology greenhouse High tech production facility for vegetables or flowers with a translucent outer shell 
(glass and in some areas made of plastic materials), equipped with climate 
management systems automatically controlled by a computer. 
 Walk-in tunnel with open sides and ends Walk-in tunnel Unheated structure used for growing plants; usually consists on a single layer of 
greenhouse plastic supported by plastic or metal arches or hoops, large enough to walk 
and work in. Generally are temporary shelters, removed at the end of cultivation (Only 
the coverings or entirely). 
 Venlo greenhouse Hi-technology greenhouse High tech production facility for vegetables or flowers with a translucent outer shell 
(glass and in some areas made of plastic materials), equipped with climate 
management systems automatically controlled by a computer. 
 Westland greenhouse Hi-technology greenhouse High tech production facility for vegetables or flowers with a translucent outer shell 
(glass and in some areas made of plastic materials), equipped with climate 
management systems automatically controlled by a computer. 
Growing 
system 
Soil-bound Soil culture Cultivation in natural soil, which constitutes the surface layer of the cultivation ground. 
The surface layer is usually appropriately prepared or natural soil is transported from 
other places and applied as top layer on the cultivation ground. 
 Soil-less Soilless with substrate Cultivation in natural (e.g., peat) or artificial (e.g., perlite, rockwool) growing media 
other than soil; is generally contained in pots, boxes, bags, benches etc. (In the 
Netherlands and Northern Europe soilless substrate culture is generally a closed system 
while in the Mediterranean area they are mostly open (free-drain).) 
Crop Tomato, peppers 0231 Solanacea according to directive EC 178/2006 
 Lettuce 0251 Lettuce and other salad plants incl. brassicacea according to directive EC 178/2006 
 Chrysanthemum 9100 Cut flowers 
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Table 3.  Overview of field scenarios for comparison with the various protected crop scenarios 
 Protected crop scenario Field scenario 
Receptor No. Location Structure Climate data Soil Growing 
system Crop 
Route of 
emission Climate Soil Crop 
Route of 
emission 
Air 1-2 Murcia, Spain Multi span greenhouse Seville Seville soil-bound Tomato, Lettuce Volatilisation/
ventilation Seville Seville Generic Volatilisation 
Air 3-4 Sicily, Italy Walk-in tunnel with 
open sides and ends Seville Seville soil-bound Tomato, Lettuce 
Volatilisation/
ventilation, 
drift 
Seville Seville Generic Volatilisation, drift 
GW 5-8 Venlo, NL Venlo greenhouse Rotterdam Hamburg soil-bound Chrysanthemum, Lettuce Leaching Rotterdam Hamburg Generic Leaching 
SW 9-12 Westland, NL Venlo greenhouse Rotterdam 414 soil-bound Chrysanthemum, Lettuce 
Drainflow, 
condensation Rotterdam Soil 414 Generic Drainflow 
SW 13-20 Westland, NL Venlo greenhouse Rotterdam n.a. soil-less Peppers Discharge, 
condensation n.a. n.a. n.a. n.a. 
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2.1. Scenarios for simulating emissions to air 
Crops are cultivated in greenhouses to protect the canopy from unfavourable weather 
conditions, and in some circumstances to enhance the quality of the growing environment and 
allow more intensive cropping by reducing the interval between planting and harvest. Because 
light entering the greenhouse is the most important factor for plant growth, and because the 
majority of the energy content of the light is converted to heat, greenhouses tend to get 
overheated during daytime. Since mechanical cooling is expensive, both in terms of 
investments and running costs, the typical modern greenhouses have a large air exchange rate 
with the environment. The ventilation rate required depends on the outside meteorological 
conditions (with sunshine and outside temperature as the dominant factors), but also on the 
covering material, use of sun screens, the crop and the growing strategy (Stanghellini, 2009). 
Losses of PPP from covered structures to air are expected to be larger in the Southern zone 
than in the Central and Northern zone because the higher temperatures favour volatilisation 
and the need for ventilation is greater. Two scenarios were considered, one with fully 
controlled ventilation and one with uncontrolled ventilation. These are represented by the 
typical structures of a multi-span greenhouse and a walk-in tunnel. The details of the 
scenarios described below are based on personal knowledge and experience within the 
consortium and on discussions with local experts.  
 
2.1.1. Structures 
In the Southern zone, fully climate-controlled greenhouses are typically multi-span 
greenhouses (Figure 1). These are approximately 1-ha greenhouses with 8 m wide spans with 
a length of 100 m (Magán Cañadas et al., 2008). The gutter height is typically 4 m. These 
structures can be found in the Murcia area, Spain on approximately 500-1000 ha. In multi-
span greenhouses, high value crops are cultivated during about 10-11 months of the year. The 
crop change is in summer (July). Sometimes there is also a change in December, if the quality 
of the crop has been reduced by weather conditions, but in general this is not the case in 
multi-span greenhouses. 
Figure 1. Example of a multi-span greenhouse 
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For the purposes of the modelling, the characteristics of the greenhouse are:  
• climate controlled with heating system to achieve set-points; 
• windows on one side of the roof, these are opened automatically when the temperature 
exceeds the setpoints or to control humidity (computer controlled); 
• no screen present; 
• no insect nets for windows. 
Other greenhouse structures in Spain, and also in Italy or Greece, are not fully climate 
controlled. Instead most greenhouses are tunnels or parral-type greenhouses with only 
ventilation. Here screening with e.g. whitewash is undertaken in the summer to reduce heating 
from solar radiation.  
The second scenario is a walk-in tunnel without climate control (Figure 2). These structures 
can be found in Sicily, Italy. The tunnel is 100 m long, 2 m wide, 1.6 m high. Between 
individual tunnels there is a gap of 1-m width, resulting in 33 tunnels per ha. The endings 
(0.5*1.5 m) of the tunnels are open. As temperatures increase over the course of the growing 
season, additional openings are created to enhance ventilation. First a series of 20-cm holes 
are made in the film, and later a second series of 30-cm holes is cut (this can be seen in Figure 
2). During the warmer months, the sides of the tunnel are opened, by rolling up the film to 
~50-cm height. This type of greenhouse is a typical example of a non-controlled structure 
with a long cropping period and frequent applications of PPP. 
  
Figure 2. Example of a walk-in tunnel in Sicily with two holes in the cover material 
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Figure 3. Rolling up of side walls in a greenhouse to enhance ventilation 
 
 
2.1.2. Cropping details within the structures and in the field 
Two crops were chosen for the modelling of emissions to air: tomatoes and lettuce. Both 
crops are grown under cover at many locations throughout Europe. Tomatoes have a high 
temperature optimum whereas lettuce is grown in cooler conditions. 
Multi-span greenhouse 
In the multi-span structure, tomatoes are assumed to be grown continuously from 15 August 
until 15 June; there is no crop present in July, the greenhouse is empty. There is one crop per 
year. The planting density is 2 plants / m2, the leaf area index (LAI) is up to 3 (some leaves 
are removed). The temperature setpoints for tomato are day 22oC, with light 25oC; night 18-
20oC. Heating via low pipes is available as a pipe rail system. Research at the Research 
Station Las Palmerillas in Almería Province showed that these temperatures can be well 
maintained around the chosen setpoints (Magán Cañadas et al., 2008). 
Lettuce is assumed to be grown in the multi-span greenhouse from 1 September continuously 
up to 1 June. The growing season for lettuce is shorter than for tomato due to crop properties. 
On average, 9 crops per year can be grown in the multi-span greenhouse with 5 days between 
harvest and the next planting. The planting density is 20 plants/m2 in winter and 25 plants/m2 
in summer. Lettuce is normally grown in greenhouses divided into sections where there is a 
continuous planting and harvesting each week. This means that all growing stages are present 
in the greenhouse at one moment. In this project, the entire greenhouse area is assumed to be 
planted with the same crop at the same time in order to simplify the modelling and the 
interpretation of the results. An average leaf area index for the whole greenhouse of 3 was 
used in the modelling, although in reality, crops at various leaf area indices are present at the 
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same time. Normally, LAI varies between 0 and 20 although transpiration does not increase 
considerably after a leaf area index of ~3 is reached because of the growth habit of lettuce 
(formation of a head). It is assumed that at the moment of spraying PPP, the lettuce leaves 
start touching each other and the LAI is 3. 
The temperature setpoints for lettuce are day 18oC during the day (with light 22oC) and 16oC 
at night. There is simple heating via burners or low pipes; no pipe rail system is present. The 
grower aims to achieve these setpoints by heating and ventilating the covered structure. 
However, actual temperatures inside the structure depend on the outside climate. In periods 
with intense radiation, temperatures may rise above the setpoints. The actual climatic 
conditions inside the greenhouse were simulated within this project. 
 
Walk-in tunnel 
In the walk-in tunnel with a hotter climate in summer, planting of tomatoes takes place on 1 
September. Two crops are cultivated, the first from 1 September until the end of December 
and the second from 1 January until 1 June. Outside this period, the tunnel is empty. The 
planting density is 2 plants/m2, side shoots can be maintained to increase LAI up to 2.  In the 
walk-in tunnel there are no controlled temperature set-points. It is assumed that at the moment 
of spraying (April) two series of holes are made in the cover and the side of the tunnel is 
rolled up to 50 cm. No heating system is present in the walk-in tunnel.  
Lettuce is assumed to be grown in the walk-in tunnel from 1 Sep until 15 May. The growing 
season in the tunnel is shorter than in the greenhouse because of lack of control. The growing 
season for lettuce is shorter than for tomato due to crop properties. On average 8 crops are 
grown per year with 5 days between harvest and next planting. The planting density is 20 
plants/m2 in winter and 25 plants/m2 in summer. At the moment of spraying PPP the lettuce 
leaves start touching each other and the LAI is 3. 
 
Field 
Only one single crop was considered in the field simulations. This is a generic crop of 50 cm 
maximum height. The averages of the crop parameters for tomato and lettuce were used in the 
simulations. Two cropping periods were simulated per year in the field. The first crop is 
planted on 1 March and harvested on 1 June, the second crop is planted on 8 June and 
harvested on 1 October.   
 
2.1.3. Soils and climate 
FOCUS (2010) evaluated the relevance of the FOCUS groundwater climate and soil scenarios 
for the European member states. The results show that ‘Seville’ covers many coastal regions 
in the Mediterranean, including Sicily and some of the regions of major cultivation under 
cover in Spain (e.g. Murcia) (Figure 4). 
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Figure 4: Extension of the ‘Seville’ FOCUS groundwater scenarios (from FOCUS, 
2010). 
 
The Seville soil profile is considered to be relevant for simulations of emissions to air at the 
locations Murcia, Spain and Sicily, Italy. The main properties of the Seville soil relevant for 
modelling are given in Table 4 and Table 5. 
Table 4. Key properties of the Seville soil scenario (from FOCUS, 2000) 
Depth 
(cm) Classification 
pH 
KCl 
Clay 
(%) 
Silt 
(%) 
Sand 
(%) 
Organic matter 
(%) 
Organic carbon 
(%) 
Bulk density 
(g cm-3) 
0-10 silt loam 6.6 14 51 35 1.6 0.93 1.21 
10-30 silt loam 6.6 13 52 35 1.6 0.93 1.23 
30-60 silt loam 7.1 15 51 34 1.2 0.70 1.25 
60-120 clay loam 7.4 16 54 30 1.0 0.58 1.27 
120-180 clay loam 7.5 22 57 21 0.85 0.49 1.27 
 
Table 5. Soil hydraulic properties for the Seville soil scenario (from FOCUS, 2000) 
Depth 
(cm) 
Saturated 
water 
content 
(cm3 cm-3) 
Residual 
water 
content 
(cm3 cm-3) 
Van 
Genuchten α 
(m-1) 
Van 
Genuchten n 
(-) 
Water 
content at -
10 kPa 
(cm3 cm-3) 
Water 
content at -
1600 kPa 
(cm3 cm-3) 
Saturated 
hydraulic 
conductivity 
(m s-1 x 10-6) 
Mualem  
λ (-) 
0-10 0.4904 0.0100 2.500 1.2688 0.364 0.106 4.819 -1.496 
10-30 0.4836 0.0100 2.450 1.2767 0.358 0.101 4.362 -1.374 
30-60 0.4798 0.0100 2.500 1.2695 0.356 0.104 4.596 -1.465 
60-120 0.4747 0.0100 2.360 1.2673 0.357 0.105 3.911 -1.423 
120-180 0.4795 0.0100 2.280 1.2297 0.377 0.131 3.350 -1.858 
 
Existing FOCUS (2000) climate files cannot be used in this project because hourly climate 
data are needed for the modelling. Data from Seville airport (Lat/Lon: 37.4° N 5.9° W) were 
in hourly resolution comprising a 13-year period from 1997-2009 were downloaded from the 
public database http://www.wunderground.com. The recorded data include air temperature 
(°C), air relative humidity (%), global solar radiation (W/m2), wind speed (m/s) and 
cloudiness (description). The missing values (less than 10% and randomly distributed in the 
data set) were replaced by average values. The final climatic data set needed for modelling 
purposes was created by using the recorded data and by calculating the climatic parameters of 
saturated moisture content (kg/m3), direct and diffuse solar radiation (W/m2), sky temperature 
(°C) and cloudiness (octas). The climate within the covered structures was simulated in this 
project. For details, see Section 3.1. By simulating two crops, conditions with high and low 
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temperature were considered. The wind direction is assumed to be perpendicular to the 
planting/driving direction.  
 
2.1.4. PPP properties and application details 
Two substances were selected for the simulations of emissions to air, one with a moderately 
high vapour pressure (0.5 mPa) and one with a relatively low vapour pressure (7·10-6 mPa). 
This was based on a comparison with properties of substances commonly used in covered 
structures (Van der Staaij, 2010). All pesticide properties and application details that are 
needed for modelling of emissions to air are given in Section 3.1.6.  
In the multi-span greenhouse, PPP application to tomatoes was assumed to be undertaken 
with a vertical spray boom (Figure 5) hand-drawn over the pipe-rail system with Teejet TP 
8002 VK nozzles placed at 50 cm spacing. The nozzles are directed to both sides spraying to 
left and to right, from the lower leaves up to 30 cm below the top of the plants. For lettuce, 
application of PPP is undertaken with a horizontal spray boom with Teejet TP 8002 VK 
nozzles with a nozzle spacing of 50 cm spraying downwards. In the walk-in tunnel, a hand 
spray stick is used to spray as uniformly as possible. The spray pressure in both structures is 
10 bar and the spray volume 1500 litres/ha. 
Figure 5. Vertical spray boom in tomatoes 
 
 
A single application at 1 kg/ha active ingredient was made to both crops on 15 April. 
Application in the multi-span greenhouse and the walk-in tunnel is assumed to be made at 
7:00 pm in the evening. The vents are assumed to be closed for 2 hours after application in the 
greenhouse. In the walk-in tunnel, the openings are not closed during application.  
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Application in the field is assumed to be made at 9:00 am on 15 April using a field sprayer 
with a horizontal spray boom with flat fan Teejet XR11004 nozzles with a nozzle spacing of 
50 cm. The sprayer boom height is 50 cm above crop canopy. The spray pressure is 3 bar and 
the spray volume 300 litres/ha.  
The percentage of spray intercepted by the crop is set to 67% for tomatoes in the walk-in 
tunnel and to 75% for all other simulations. 
 
2.2. Scenarios for simulating emissions to groundwater and surface water – soil bound 
Protected crops are often irrigated, at least for part of the year. Irrigation over and above the 
crop’s requirements is common. This is because the monetary value of over-irrigation is 
smaller than that of yield loss arising from insufficient irrigation. It is also needed to 
overcome uneven distribution of the water by the watering system and uneven uptake by the 
plants (partly genetic, partly by climatic conditions in the greenhouse). The excess water and 
associated PPP may reach groundwater and/or surface water. Locations in the Central zone 
(Netherlands) were chosen for the modelling, Venlo for simulating emissions to groundwater 
and Westland for emissions to surface water from soil-bound cultivation.  
The scenario assumptions given below are based on WUR’s experience with cultivation of 
greenhouse crops in the Netherlands. 
The Venlo greenhouse area (about 1000 ha) differs from the Westland area (about 4000 ha) 
mainly in soil structure. Venlo has sandy soils with a ground water table of ~1.5-2.5 m where 
excess watering easily drains away. The potential for PPP leaching to depth is thus high and 
these soils are the most vulnerable soils on which greenhouse horticulture is undertaken in the 
Central zone. Soil-bound cultivation is common in the Venlo region although there is also a 
large area with soil-less cultivation. Soil-bound crops include lettuce, chrysanthemums and 
freesia. In the Westland region, soils are clayey or peaty and the groundwater table is very 
close to the surface. The soil is soft, wet and drainage is required. All companies produce for 
export: the Venlo area is more oriented to the densely populated German Ruhr area (30-60 km 
away), whilst the Westland area exports to all parts of the world. 
 
2.2.1. Structure 
The type of structures and automation does not differ between both regions. The greenhouses 
are of glass, fully climate controlled, with mostly two heating networks, ventilation windows 
and use of thermal and shadow screens. An example of a Venlo greenhouse is shown in 
Figure 6. 
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Figure 6. Example of a Venlo greenhouse. Modern Venlo greenhouse in background, left 
an older one. At foreground rainwater collection tanks and two pipes draining to surface 
water (relevant for soil-less cultivation). 
 
 
2.2.2. Cropping details within the greenhouse and in the field 
Two crops were chosen as an example for soil-bound cultivation in greenhouses, 
chrysanthemum and lettuce. These differ in their temperature optima and irrigation excess. 
Chrysanthemums are assumed to be grown all year round with 5-6 crops per year (average 68 
d/crop, inclusive of empty periods). The greenhouse is only empty for 5-7 days after each 
crop. In the summer, there is an additional 1-week period without a crop between crop cycles 
to allow for disinfection of the soil, usually by steam sterilisation. About 48 (winter) to 72 
(summer) plants are grown per m2. To achieve a constant harvest (for labour reasons) the 
greenhouse is divided into sections, so that each week there is harvesting of a fully grown 
crop and there is a planting in another part of the greenhouse. All succeeding stages of growth 
are always present. In order to simplify the modelling and the interpretation of the results, the 
complete area of the greenhouse is assumed to be cropped at the same time. At the moment of 
spraying, an average leaf area index of 3 is used for 1 ha.  
Temperatures in the greenhouse depend on the outside climate and opening of windows, the 
setpoints for chrysanthemum are day 21oC, with light 23oC; night 19oC. Heating occurs via 2 
heating networks, one is a hoist system where the height is set to that of the growing point of 
the plants, the other is hanging in the top of the greenhouse.  
Lettuce is cultivated in a similar way to chrysanthemums, continuously with 8 crops per year, 
with a maximum interval with bare soil of 1 week between harvest and planting. The length 
of each cropping cycle varies between 60 days in winter and 28 days in summer. The planting 
density ranges from 18 (winter) to 24 (summer) plants/m2. Temperature setpoints are day 
18oC, with light 20oC; night 15oC. Heating occurs via burners.  
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Only one generic crop was considered in the field simulations. Two cropping periods were 
simulated per year in the field. The first crop was planted on 15 March and harvested on 15 
June, the second crop was planted on 1 July and harvested on 15 October. 
 
2.2.3. Soils and climate 
The vulnerability for movement of PPPs to groundwater is greatest in sandy soils with low 
organic matter contents. The soil profile from the FOCUS groundwater scenario ‘Hamburg’ 
(FOCUS, 2000) is such a soil. Figure 7 shows that the ‘Hamburg’ scenario covers much of 
central and northern Europe, including parts of the Netherlands (FOCUS, 2010). The 
Hamburg soil was thus considered acceptable for simulations of emissions to groundwater in 
the Venlo area of the Netherlands. The main soil properties relevant for modelling are given 
in Table 6 and Table 7. 
Figure 7: Extension of the ‘Hamburg’ FOCUS groundwater scenario (from FOCUS, 
2010). 
 
 
Table 6. Key properties of the Hamburg soil scenario (from FOCUS, 2000) 
Horizon Depth 
(cm) 
Classification pH 
KCl 
Clay 
(%) 
Silt 
(%) 
Sand 
(%) 
OM 
(%) 
OC 
(%) 
Bulk density 
(g cm-3) 
Ap 0-30 sandy loam 5.7 7.2 24.5 68.3 2.6 1.5 1.5 
BvI 30-60 sandy loam 4.9 6.7 26.3 67 1.7 1 1.6 
BvII 60-75 sand 4.9 0.9 2.9 96.2 0.34 0.2 1.56 
Bv/Cv 75-90 sand 5 0 0.2 99.8 0 0 1.62 
Cv 90-200 sand 4.8 0 0 100 0 0 1.6 
 
Table 7. Soil hydraulic properties for the Hamburg soil scenario (from FOCUS, 2000) 
Depth 
(cm) 
Saturated 
water 
content 
(cm3 cm-3) 
Residual 
water 
content 
(cm3 cm-3) 
Van 
Genuchten α 
(m-1) 
Van 
Genuchten n 
(-) 
Water 
content at -
10 kPa 
(cm3 cm-3) 
Water 
content at -
1600 kPa 
(cm3 cm-3) 
Saturated 
hydraulic 
conductivity 
(m s-1 x 10-6) 
Mualem
λ (-) 
0-30 0.3910 0.0360 1.491 1.4680 0.292 0.064 23.33 0.5 
30-60 0.3700 0.0300 1.255 1.5650 0.277 0.047 31.67 0.5 
60-75 0.3510 0.0290 1.808 1.5980 0.229 0.040 28.33 0.5 
75-200 0.3100 0.0150 2.812 1.6060 0.163 0.022 28.33 0.5 
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Soils in the Netherlands are often drained because the groundwater table would otherwise rise 
to levels that the crop cannot tolerate over extended periods. Losses of PPP via the drainage 
system may be an important route of emissions into surface waters. A drained soil profile in 
the Netherlands that is common in the Westland area was selected from the GEOPEARL 
database (soil no 414) (Tiktak et al., 2003, 2004). The depth of the drainage system was set to 
90 cm and the drains were assumed to be 4 m apart (corresponding to the span width in the 
greenhouse). Drainage resistance was taken from an experimental site near the municipality of 
Andelst (51o 53’N; 5o 43’E; altitude 8 m above sea level), described in detail by Smelt et al. 
(2001) and Scorza Júnior et al. (2004).  
Measured data on the time course of the groundwater table for input into SWAP/PEARL were 
also taken from the Andelst study. The groundwater table was lowered by 8 cm on each day 
to account for the difference in the depth of the drains at Andelst (82 cm) and in the 
greenhouse scenario (90 cm). The soil is prone to preferential flow. The preferential flow 
input parameters were calculated within the model using pedotransfer functions (Tiktak et al., 
2011a). The boundary pressure head was set to – 5 cm (calibration against Andelst data). 
The mass lost from the greenhouse or field was discharged into a ditch. A ditch that is typical 
for the Westland area was selected. This ditch is 100 m long, 4.09 m wide and has a volume 
of 161780 L. 
The relevance of entry of PPPs into surface waters via runoff and erosion from soils is 
expected to be low within greenhouses and no soil was selected to cover this situation. 
Table 8. Key properties of the soil scenario for the drainage simulations 
Depth 
(cm) 
pH 
KCl 
Clay 
(%) 
Silt 
(%) 
Sand 
(%) 
OM 
(%) 
OC 
(%) 
0-15 6.9 12.8 21.1 66.1 2.4 1.4 
15-30 6.7 13.5 21.7 64.8 2.4 1.4 
30-50 7.0 12.2 13.1 74.7 1.8 1.3 
50-100 7.5 11.0 12.8 76.2 1.0 0.6 
100-300 7.3 11.5 11.2 77.3 1.0 0.6 
 
Table 9. Soil hydraulic properties for the soil scenario for the drainage simulations 
Depth 
(cm) 
Saturated 
water 
content 
(cm3 cm-3) 
Residual 
water 
content 
(cm3 cm-3) 
Van 
Genuchten α 
(m-1) 
Van 
Genuchten n 
(-) 
Saturated 
hydraulic 
conductivity 
(m s-1 x 10-6) 
Mualem λ (-) 
0-15 0.40 0.0 0.0096 1.284 0.260 -2.733 
15-30 0.40 0.0 0.0096 1.284 0.260 -2.733 
30-50 0.49 0.0 0.0107 1.280 0.257 -2.123 
50-100 0.38 0.2 0.0214 2.075 1.801 0.039 
100-300 0.38 0.2 0.0214 2.075 1.801 0.039 
 
The simulations of emissions to groundwater and surface water in the Venlo and Westland 
regions were based on hourly outdoor climate data from Rotterdam. Climatic data of 
Rotterdam for the period 1990-2009 were obtained from the data base of Royal Netherlands 
Meteorological Institute (KNMI, http://www.knmi.nl/).  
The covered crops (chrysanthemum and lettuce) are irrigated. Irrigation is given via sprinkler 
irrigation about 1-2 times a week with daily volumes of 10 mm, 15 mm or 20 mm. The 
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irrigation intensity is estimated to be 26 mm h-1. There is no irrigation at night. The actual 
daily irrigation volumes were calculated within this (Section 3.3.1). Two levels of irrigation 
excess were simulated. The high level assumes that the water supply exceeds the crop demand 
by 50%, the low level is 15%. No irrigation was added in the field. 
The temperatures within the covered structures were again simulated from outdoor data.  
 
2.2.4. PPP properties and application details 
A PPP with a sorption Kom value of 116 L/kg (= Koc of 200 L/kg), a Freundlich exponent of 
0.9 and a DT50 for degradation in soil of 100 days was chosen for the simulations. Additional 
simulations were undertaken for selected scenarios (lettuce with high irrigation excess and 
field) for pesticides with a range of sorption and degradation properties. The complete set of 
PPP parameters used in the modelling of emissions from soil-bound crops is given in Section 
3.3.2.  
PPP application to both crops in the greenhouse is made with a horizontal spray boom with 
nozzles each 50 cm, spraying downwards (Figure 8). Application is made at a rate of 1 kg/ha 
on 30 April. Application in the field is made at the same time using the same type of field 
sprayer as in the air scenarios (2.1.4). The percentage of spray intercepted by the crop is set to 
50% in the modelling. The effect of the application timing was explored by setting the 
application date to 10 June or 1 August for selected situations. Interception was set to 50% for 
all simulations (the effect of the application timing on interception was ignored). 
Figure 8. Horizontal spray boom in chrysanthemum 
 
 
2.3. Scenarios for simulating emissions to surface water – soil-less cultivation 
In soil-less systems, plants are grown in artificial substrates with a continuous supply of water 
and added nutrients. In open-loop systems, the water draining from the substrate is not 
recovered or re-used. In closed-loop systems, this water is re-circulated through the system 
after nutrient replenishment and, possibly, disinfection. At intervals, the nutrient solution is 
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discharged either to surface water, sewage treatment plants or surrounding fields and replaced 
by fresh solution. The discharge frequency depends on the salinity of the irrigation water and 
the crop tolerance to salt stress. The water demands of the system are partly met by rainfall 
collected in a storage basin. Water of poorer quality (higher salinity) is used when the rainfall 
storage basin is empty. The frequency and volume of nutrient solution discharge are greater 
for smaller volumes of rainfall, smaller capacity of the storage basin and for larger salt 
contents of the nutrient solution. 
PPPs are applied via spraying or fogging or added to the nutrient solution. In soil-less 
cultivation the soil is often covered with a plastic film to collect light and to avoid introducing 
soil pathogens to the soil-less culture system. The soil does not come into contact with the 
PPP. Potential sources of entry of PPPs into surface water are: 
• Discharge of the nutrient solution and associated PPP;  
• Discharge of cleansing water from cleaning filtration systems;  
• Leakage; 
• Discharge of condensation water and dissolved PPPs. 
 
Emissions via discharge and condensation from a closed-loop system were considered within 
this assignment.  
The structure for the soil-less surface water scenarios is the same as for the soil-bound 
scenarios (Venlo greenhouse). Typical soil-less crops are tomato, sweet peppers, cucumber, 
rose, gerbera, aubergine, strawberry. Generally speaking, soilless cultivation is economic if 
the cropping density is below 10 plants per m2. In that case less substrate is needed and the 
yield often increases. The scenario assumptions are based on WUR’s experience with soil-less 
cultivation in the Netherlands. 
Peppers were chosen as a typical greenhouse crop cultivated in soil-less systems. This crop 
has a relatively low salt tolerance. The crop is assumed to be planted mid December, a single 
crop is continued up to the end of November. Then the greenhouse is empty for 14 days to be 
cleaned. Harvest will occur from March to November. There are 2 plants/m2, the maximum 
LAI is 3. The temperature setpoints are day 20oC, with light 24oC; night 16oC. Heating via 
low and high pipes is available; there is a pipe rail system.  
Watering occurs daily via drip irrigation about 8-10 times a day during 1-2 minutes, 
generating 4-6 mm a day. No irrigation is given during the night. The daily amounts were 
calculated within this project (Section 3.2). Rainwater is stored in basins with a capacity of 
either 500 or 1500 m3/ha. Additionally, tap water with a low (0.1 mmol L-1) or high salinity 
(1.8 mmol L-1) is given.  
A PPP with a degradation half-life of 100 days at 20oC in air, water and soil was chosen for 
the simulations. The vapour pressure was set to 0.1 mPa. Sorption of the pesticide to the 
growing substrate was not considered. Other properties used in the modelling are given in 
Section 3.2.2. Two situations for the application of PPP were considered: (1) application to 
the nutrient solution as a single pulse supplied to the plants via the drip irrigation, and (2) 
spray application. 
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3. MODELLING APPROACHES AND INPUT PARAMETERS 
3.1. Modelling of emissions to air 
An overview of the input data and models used to simulate emissions to air is given in Figure 
9 and Figure 10. Details are described below. 
Figure 9. Input data and models used to simulate emissions to air arising from 
volatilisation 
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Indoor climate data 
and ventilation
PPP emission to air (volatilisation)
PPP properties and 
application details
Outdoor weather data, 
structure, control system, 
greenhouse environment, 
growing strategy
Covered crop
SWAP/Consensus PEARL
Outdoor weather data,
location
PPP emission to air (volatilisation)
Soil and crop data
PPP properties and 
application details
System 
characteristics
Field crop
 
 
Figure 10. Input data and models used to simulate emissions to air arising from drift 
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3.1.1. Air flux in covered structures 
In order to evaluate the performance of different types of greenhouses and different growing 
strategies, at this point a simulation model is the most appropriate tool. In principle, 
greenhouse climate simulation models quantitatively describe the relations and the 
interactions between greenhouse crop processes (photosynthesis and transpiration) and indoor 
and outdoor climate, accounting for the effects of greenhouse structure, physical properties of 
cover materials, outside weather conditions, and action of controllers (Swinkels, 2006). Until 
now, several simulation models have been developed such as KASPRO (de Zwart, 1996), 
SERRISTE (Tchamitchian et al., 2006), HORTEX (Rath, 1992) or GTa-Tools (Van’t Ooster, 
2006). These systems support researchers, designers or growers with good estimations and 
quick assessment of energetic effects, crop responses and operating conditions as a function 
of both strategic and operational choices. 
In the present study, the KASPRO simulation model (De Zwart, 1996) was used to calculate 
the air flux through the openings of the covered structures. KASPRO is an extensive dynamic 
simulation model which simulates a full-scale virtual greenhouse based on the greenhouse 
construction elements, ventilation openings, greenhouse equipment, different covering 
materials and their properties (transmission, reflection, and emission), setpoints for inside 
climate and the outside climate of a given location. Any computed physical quantity can be 
listed as output. The model is based on the computation of relevant heat and mass balances 
which describe both the convective and radiative processes. The mass balances are constituted 
from exchange processes through leakage and ventilation, canopy transpiration and 
condensation at cold surfaces. The mass balances around the CO2 concentration are based on 
losses of CO2 by ventilation and photosynthesis, and gains of CO2 by dosing and respiration. 
Basically, the model describes the entrance of solar radiation into a greenhouse structure and 
computes the heat and moisture fluxes induced from this radiation. The heat and moisture is 
released predominantly by the canopy, but the heat fluxes originate from other opaque 
elements in the envelope as well. Reflection of solar radiation, typically by the covering 
structure and by reflecting shading screens, is taken into account. The heat and moisture 
fluxes affect the microclimate around the canopy, which are in dynamic interaction with the 
greenhouse construction and the environment. To a certain extent, the interaction between the 
microclimate around the canopy and the environment can be controlled by means of heating 
(implemented by several types of heating systems), ventilation, humidification, 
dehumidification, CO2 enrichment, shading, screening, and cooling (either by air conditioning 
systems or by evaporative cooling with pad and fan systems).  
An important feature of the KASPRO simulation model is that the modelled greenhouse 
climate is controlled by a replica of commercially used climate controllers. This unique 
characteristic, in combination with the prediction of dry matter crop production (for different 
crops), makes KASPRO the most comprehensive simulation model for greenhouse climate 
currently available. According to user defined settings, regarding the required inside climate 
conditions, the controller increases or decreases the heating power, opens or closes the 
ventilation openings, applies fogging and CO2 enrichment, opens or closes screening tissues 
and turns on artificial lamps. Obviously, KASPRO as a dynamic model can be used for year 
round calculations in order to define the best growing strategy for different climatic 
conditions targeting various goals (maximise production, saving energy, saving water, 
optimise CO2 dosing, minimise the ventilation flux, etc). The KASPRO model has been used 
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for many research projects for different climatic conditions worldwide. The model has 
extensively proved its capability to accurately simulate the greenhouse environment (Luo et 
al., 2005).  
The main characteristics of the KASPRO model are: 
• KASPRO is a dynamic model. It calculates on an hourly basis the physical parameters 
regarding the greenhouse environment, the crop growing stage and the energy balance 
of the greenhouse nursery. 
• In KASPRO all the details relating to greenhouse design, materials properties, control 
systems and growing methods are integrated. 
• KASPRO integrates a replica of climate control computer. 
• KASPRO integrates a photosynthesis model, which describes the growing process of 
the crop. 
There are two categories of input parameters for the KASPRO model, the input data and the 
set points. The input data concern: 
• The outside climate conditions on an hourly basis, which are: air temperature, air 
humidity or vapour pressure, precipitation, cloudiness, global radiation, wind speed, 
diffuse and direct solar radiation and sky temperature. In the case that one or more of 
the input parameters, mainly cloudiness and sky temperature, are not available, the 
model calculates these values by integrated sub models.        
• The construction characteristics, which are: covered area, gutter height, roof 
inclination, width and length of the basic construction unit, orientation, latitude, 
covering material, natural leakage of air if windows are closed, window dimensions 
and window openings area as a fraction of the covered area.  
• The available control systems, which are: heating system, thermal screens, cooling 
system, dehumidification system, heat buffer and CO2 distribution system.  
The input set points, which can be determined with time step of 10 min concern: 
• The growing strategy (crop, day of planting, day of removing the crop, soil or soilless 
cultivation and LAI function related to the crop).  
• The greenhouse environment (air temperature, air humidity, CO2 concentration, 
screens and artificial light). 
KASPRO provides results on an hourly basis but generation of results with different time 
steps is also possible.  
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Using a CFD model 
As was presented above, the ventilation rate in terms of air changes per hour was calculated 
using the simulation model KASPRO. In KASPRO, the opening area of the greenhouse, 
which is determined as the ratio between the active area for the openings and the covered 
area, is an input value parameter. Since there is not any literature information about the 
ventilation rate of the walk-in tunnel, preliminary calculations using Computational Fluid 
Dynamics (CFD) methods, were carried out in order to estimate the order of magnitude of the 
ventilation rate under different climatic conditions and for different opening areas. 
Computational fluid dynamics is a sophisticated design and analysis tool that uses computers 
to simulate fluid flow, heat and mass transfer, phase change, chemical reaction, mechanical 
movement, and solid and fluid interaction. The technique enables a computational model of a 
physical system to be studied under many different design constraints. The dynamics of fluid 
flow is governed by continuity (conservation of mass), the Navier-Stokes (conservation of 
momentum), and the energy equations (conservation of energy). These equations form a 
system of coupled non-linear partial differential equations (PDEs). CFD is an art of replacing 
the differential equation governing the fluid flow, with the set of algebraic equations (the 
process is called discretisation), which in turn can be solved with the aid of a digital computer 
to get an approximate solution. The commercially CFD code Fluent 5.3 (Fluent Inc, (1998), 
which is used in the present study, uses the Finite Volume discretisation method.  
There are essentially three stages to every CFD simulation process: preprocessing, solving 
and postprocessing. The first step concerns the building and analyzing the flow model. In the 
second one, a CFD solver is used to perform the flow calculations and produce the results by 
solving the discretised form of governing equation. Finally the data provided by the solver are 
analyzed and images and graphs are produced.   
 
Set up a CFD model for walk-in tunnel 
The geometry processor Gambit 1.2 (Fluent Inc, 1998) was used to design the computational 
domain around the walk-in tunnel and to create the grid. The main target in this stage was to 
combine a grid with the smallest number of cells with acceptable accuracy concerning the 
simulation results. Three designs were made; each one corresponds to different opening areas. 
In the first one only the doors at the ends were opened. In the second one, both doors and side 
holes were considered opened and in the third one, the walk-in tunnel was considered a semi 
– open construction in which 1/3 of the sides were completely opened. All the designs have 
the same number of computational cells (2089530) and the same quality. For all the cases a 
structured grid was used which ensures high quality. This ensures that the results are grid 
independent and comparable. Considering the walk-in tunnel in the centre, the computational 
domain was extended 70 m in both +x and –x direction, 80 m in both +z and -z direction and 
15 m in y direction (Figure 11). 
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Figure 11. 3D simulation model of a walk-in tunnel 
 
 
As CFD models are totally deterministic models, next to grid quality and physical models (i.e. 
turbulence, wall functions, heat and mass transfer, etc), the results depend on the boundary 
conditions. In this study the k-ε turbulence model with no-equilibrium wall functions was 
used in order to describe the ventilation process in the greenhouse. The boundary conditions 
define both inside and outside climatic conditions and crop behaviour are summarized in 
Table 10. Three simulation cases were solved: 
1. Outside air temperature 10°C, solar radiation 200W/m2, wind speed 3m/s, windows closed. 
2. Outside air temperature 20°C, solar radiation 400W/m2, wind speed 3m/s, windows 
opened. 
3. Outside air temperature 30°C, solar radiation 600W/m2, wind speed 3m/s, semi open 
construction 
Table 10. Main constant input values used in 3D CFD model 
Boundary element Value Unit 
Outside conditions   
Outside air temperature 10 / 20 / 30 °C 
Outside air relative humidity 50 % 
Outside global solar radiation 200 / 400 / 600 W m-2 
Wind speed (logarithmic profile) 3 m s-1 
Turbulence intensity 2 % 
Turbulence length scale 0.05 m 
External radiation temperature -10 °C 
Inside conditions   
Radiation reflected by canopy & construction 30 % 
Crop (tomato)*  porous media, power low model, Co=1.7, C1=1.65 
Ratio between sensible and latent heat 0.5 − 
Porosity of the plant canopy 1 − 
Crop height 1.5 m 
Initial mass flux of virtual gas (air-tracer) 1x10-6 kg m-3 s-1 
Initial mass flux of CO2 0.012 kg m-2 h-1 
* The tomato crop is represented as a porous medium with specific resistance characteristics. The momentum sink that 
occurs in the porous media contributes to the pressure gradient in the porous cell, creating a pressure drop that is proportional 
to the fluid velocity in the cell.  The momentum sink can be modelled as a power law of the velocity magnitude where Co and 
C1 are user-defined empirical coefficients (Fluent Inc, 1998). 
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For the inlet boundary condition a wind profile produced according the ‘Log wind Profile’ 
was used. The Log wind profile is a semi-empirical relationship used to describe the vertical 
distribution of horizontal wind speeds above the ground within the atmospheric surface layer. 
The logarithmic profile of wind speeds is generally limited to the lowest 100 meters of the 
atmosphere (i.e. the surface layer of the atmospheric boundary layer). The wind speed zu  at 
height z (m) above the ground is given by Eq. (1) (Beychok, 2005): 
( )Lzz
z
dz
k
u
u z ,0
0
*
, ln ϕ+
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−
=         (1) 
where: 
zu  is the velocity at height z (m s-1) 
*
u  is the friction or shear velocity (m s-1) which is given by Eq. (2) 
( )0* ln zz
k
uu z=           (2) 
k  is the von Karman's constant (~0.41) 
0z  is the surface roughness (m) 
d  is the zero plane displacement (m) 
L  is the Monin-Obukhov stability parameter. Under neutral stability, 0/ =Lz  and ϕ  
drops out. 
Zero-plane displacement d  is the height in meters above the ground at which zero wind speed 
is achieved as a result of flow obstacles such as trees or buildings. It is generally 
approximated as 2/3 of the average height of the obstacles. For example, if estimating winds 
over a forest canopy of height h = 30 m, the zero-plane displacement would be d = 20 m. 
Roughness length (z0) is a corrective measure to account for the effect of the roughness of a 
surface on wind flow, and is between 1/10 and 1/30 of the average height of the roughness 
elements on the ground. Over smooth, open water, expect a value around 0.0002 m, while 
over flat, open grassland z0 ≈ 0.03 m, cropland ≈ 0.1-0.25 m, and brush or forest ≈ 0.5-1.0 m. 
The log wind profile is generally considered to be a more reliable estimator than the Wind 
profile power law, which is commonly used when neutral conditions are assumed and 
roughness information is not available. 
 
Ventilation rate 
One of the most important experimental techniques for measuring ventilation and leakage 
rates is the tracer gas technique which is based on a mass balance of a tracer gas in the 
building air. There are three methods of measuring ventilation and leakage rates with tracer 
gas techniques; the decay tracer gas method, the method of constant injection and the method 
of constant concentration. In the most popular one, the decay tracer gas method, the building 
is initially enriched with a quantity of tracer gas and allowed to become well mixed to get 
uniform concentration. Sampling is then performed over time to document the rate at which 
the tracer gas concentrations decreases. The ventilation rate, in air changes per hour, can then 
be determined from this tracer decay rate. Tracer gas techniques area used not only for 
ventilation rate measurements, but also for identification and characterisation of air movement 
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pathways, determination of volumetric flow, pollutant emissions and determination of re-
entrainment. 
Since in the frame of this study it is not possible to perform experiments, numerical tools can 
be used to calculate the ventilation rate by simulating a virtual experimental process, one of 
those described above. In this study the ventilation rate of the greenhouses was calculated by 
simulating the method of constant injection of a tracer gas. In the simulation model, the tracer 
gas is a virtual gas called “air-tracer” which has the same physical properties as air. The 
ventilation rate in terms of m3 m-2 s-1 and in terms of air changes per hour is given by Eq. 3 
and Eq. 4 respectively. 
tracergreenhouse
tracermgreenhouse
greenhouse
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×
×
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φ
         (4) 
where: 
tracerm,φ  is the constant mass flux of the tracer gas (air-tracer), in kg m-3 s-1 
tracerc  is the average concentration of the tracer gas in the greenhouse volume obtained by a 
convergence solution of the simulation model, in kg m-3  
greenhouseV  is the volume of the  greenhouse, in m
3
 and 
greenhouseA  is the covered area of the greenhouse, in m
2
 
The major objective of the CFD-model work is to compute the maximal ventilation capacity 
of the greenhouse and the homogeneity of the temperature distribution. This maximal 
ventilation capacity is then used as a guide quantity in the dynamic greenhouse simulation 
model (KASPRO). 
 
Computational results 
The ventilation rate and the average air temperature of a walk-in tunnel, as they were 
calculated by the CFD model, are given in Table 11.  
Table 11. Ventilation rate and average air temperature of the walk-in tunnel  
Outside air 
temperature 
(oC) 
Volume of 
crop    
(m-3) 
Greenhouse 
covered area 
by the crop 
(m2) 
Initial mass 
flux of air-
tracer 
(kg m-3 s-1) 
Volume 
average of 
concentration 
of air-tracer 
(greenhouse) 
kg/m3 
Ventilation 
rate                    
(m3 m-2 s-1) 
Ventilation 
rate (air 
changes per 
hour) 
Average of 
air 
temperature 
inside the 
crop (oC) 
10.0 253.56 202 1.00E-06 9.44E-03 1.330E-04 0.382 25.892 
20.0 253.56 202 1.00E-06 3.56E-05 3.512E-02 100.726 26.304 
30.0 253.56 202 1.00E-06 2.63E-06 4.777E-01 1370.106 30.848 
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The air temperature distribution inside the walk-in tunnel is depicted in Figure 12 to Figure 14 
for a walk-in tunnel with the windows closed, opened and the side wall rolled up (semi-open 
construction). For the calculations with simulation model KASPRO, the walk-in tunnel is 
considered as semi open construction for the whole time period, because the side walls are 
usually rolled up in April in Southern Europe.   
Figure 12. Air temperature distribution in a walk-in tunnel (outside air temperature 
10°C, solar radiation 200W/m2, wind speed 3m/s, windows closed) 
 
 
Figure 13. Air temperature distribution in a walk-in tunnel (outside air temperature 
20°C, solar radiation 400W/m2, wind speed 3m/s, windows opened) 
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Figure 14. Air temperature distribution in a walk-in tunnel (outside air temperature 
30°C, solar radiation 600W/m2, wind speed 3m/s, semi open construction) 
 
 
 
3.1.2. PPP emission from covered structures 
After spray application has finished, most drops settle relatively quickly onto the crop, soil or 
the cover of the structure. Usually only a very small fraction remains airborne for a longer 
period. However, the deposited spray may re-enter the air by volatilisation. Typically, the 
solvent used evaporates very fast, leaving a deposit of (almost) pure PPP ready for 
volatilisation. On the other hand, these deposits may partly be absorbed by soil or crop or 
degrade. The Holterman emission model (Figure 15) computes the concentration of PPP 
vapour in the greenhouse air by a set of differential equations that describe the processes of 
sedimentation, volatilisation, absorbance and ventilation as a function of time. Factors of 
importance are: dimensions of the greenhouse, its ventilation rate (depending on wind speed 
outside and opening fraction of the vents), crop height and LAI, air temperature inside the 
greenhouse, temperature at soil surface and crop surface. Knowledge of the actual processes 
involved with absorbance or degradation is not required: their combined effect is simply that 
part of the PPP that will no longer be available for volatilisation (and subsequent loss by 
ventilation). Ventilation rate and temperatures may change with time e.g. accounting for the 
effects of opening windows in the greenhouse cover (mainly by enhancing the ventilation 
rate). 
The model computes PPP concentrations in the greenhouse air at arbitrary times or time 
intervals; e.g. hourly values for several days after application are easily obtained. It computes 
PPP concentration during and after application, before and after opening the vents. Often the 
majority of volatilisation takes place within one day. In the model it is assumed that air, crop, 
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soil and greenhouse cover all have the same temperature. Degradation products are assumed 
not to take part in the emission process. 
The modified Holterman emission model is used within this assignment instead of the Van 
der Linden model (Van der Linden, 2009; Vermeulen et al., 2010), based on the assumption 
that results of the Holterman model appear more realistic for emission to the air. The principal 
algorithms do not differ very much, but there are some discrepancies between the models. For 
example, the Holterman model considers the influence of radiation on the degradation of the 
PPP whereas the van der Linden model does not include the effect of radiation.  
 
Figure 15. Schematic view of greenhouse air emission model. Boxes marked with T 
represent temperature dependent processes; boxes marked with a small sun pictogram 
represent processes that are dependent on solar radiation. 
source
GH air
crop
Air outside
soil
GH cover
Crop: uptake
Crop: degradation
Soil: uptake
Soil: degradation
Cover: degradation
Red: source fluxes
Blue: volatilization/ deposition exchanges
White: one-way fluxes (fixations)
T
T
Ventilation rate
 
 
3.1.3. Spray drift from covered structures 
In the context of this project, drift is defined as the mass of PPP leaving the boundaries of a 
single structure, the mass leaving a 1-ha area partly covered with several individual structures, 
or the mass leaving the field area in droplets of spray liquid or in vapour transported by wind 
to downwind areas during the spray application. It should be noted that this definition differs 
from the common use of the term ‘drift’ in regulatory risk assessments for surface waters. 
Here, ‘drift’ usually refers to the mass that is deposited onto a surface located at a certain 
distance from the field edge and not to the total mass leaving the treated area.  
No drift assessment was undertaken for the multi-span greenhouse because spray application 
in closed greenhouses is not considered to generate significant drift. 
For a walk-in tunnel with openings at the front and rear end, holes in the cover material and 
the sides rolled up to 50 cm, drift through these openings and holes might be possible and 
should be considered. Currently there is no model to describe this situation. However, an 
estimation of the amount of spray drift leaving a tunnel is feasible.  
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The spray applied consists of a wide range of droplets that have to move from the nozzle to 
the target (crop or soil). Transport times from nozzle to target are short for large drops, 
whereas these are longer for smaller drops. During their presence in the air in the tunnel, 
spray drops are susceptible to the air movements inside the tunnel caused by natural 
ventilation and some drops might leave the tunnel through the openings. The quantity of spray 
drift through these openings depends on the average time a drop of a certain size resides in the 
air (i.e. its average transport time) and the ventilation rate of the tunnel. The ventilation rate of 
the walk-in tunnel can be estimated using KASPRO. The transport times depend not only on 
drop size but also on the type of spray application and the distance between the sprayer and 
the target. Transport times can be estimated using the IDEFICS model (Holterman et al., 
1997) with (almost) still air conditions. Other factors involved are the applied dose and the 
duration of the spray application. Finally, the total amount of drift is computed by integration 
over drop size. 
 
3.1.4. Volatilisation in open field 
After application onto the soil or crop surface in the field, part of the PPP can volatilise and 
enter the air compartment. The emission to air from a 1-ha field via volatilisation was 
calculated for comparison with the emissions from the covered structures. 
Ideally, the same model should be used to calculate emissions from protected and outdoor 
crops. Unfortunately, this was not possible within this project. The model for greenhouse 
emissions to the air cannot be used outdoors, as it assumes an instantaneously well-mixed air 
compartment in the greenhouse at all times. To mimic an outdoor situation using the 
greenhouse emission model would imply to assume an imaginary greenhouse with all covers 
removed. However, this does not represent the actual situation very well, as this approach 
would lack a realistic wind profile above the crop. Besides, due to the assumption of well-
mixed air, the results would be dependent on the height of this imaginary greenhouse, even 
though in fact no real height can be defined without actual covers. It was not possible to use a 
field model for the greenhouse simulations either. This is because an outdoor model cannot 
not account for the ventilation of a protected structure which is a key factor controlling 
emissions to air.  
A modified version of PEARL (Van den Berg and Leistra, 2004) was used to simulate 
volatilisation from the field. The model, referred to as Consensus PEARL was developed with 
the framework of the APECOP project (Vanclooster et al., 2003) by Alterra and RIVM in 
order to improve the volatilisation concepts. The main advantages of the new version are: 
• The concept of volatilisation from bare soil is improved. The effect of meteorological 
conditions on volatilisation from the soil surface is accounted for. 
• The user has the option to describe volatilisation from the plant based on mechanistic 
concepts, taking into account the effect of climatic conditions.  
• Competing loss processes such as transformation on the plant surface and uptake into 
the plant tissue are described explicitly. 
• The model includes a description of the effect of soil moisture on PPP sorption to soil. 
• Hourly meteorological data can be used to simulate volatilisation. 
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Consensus PEARL was chosen for this assignment because it allows the use of hourly 
climatic data and because it has been tested against data from field and wind tunnel 
experiments by Leistra et al. (2005, 2007, 2008). The model concepts are similar to those of 
the greenhouse emission model, and every effort was made to harmonise the two modelling 
approaches as much as possible, but there are some conceptual differences that could not be 
overcome.  
The greenhouse model considers two irreversible dissipation processes: 
1) Uptake into the plant tissue and the soil. This process depends to some extent on 
temperature. The half-life at reference temperature (25oC) was set to 1 day in the 
greenhouse model.  
2) Transformation on the plant, soil surface and greenhouse cover as a result of radiation. 
This process depends on actual radiation relative to a reference value and the reduction 
of radiation due to the presence of the cover and the crop. The half-life at reference 
radiation (500 W/m2) was set to 10 days in the greenhouse model, although the 
degradation half-lives after applying the correction for actual conditions are much 
slower. 
Sorption to the soil is not described in the Holterman model. This is instead lumped together 
with the other loss processes in the soil, i.e. it is assumed that any sorbed PPP is no longer 
available for volatilisation (i.e. irreversibly removed from the system).  
The following assumptions were made in Consensus PEARL. This aimed at harmonising the 
greenhouse and field simulations as much as possible: 
• The half-life for crop uptake is not dependent on radiation or temperature in PEARL. 
A constant half-life of 1 day was used in PEARL. 
• Dissipation on the soil is characterised by a single, temperature-dependent half-life in 
PEARL. Uptake by the soil is not considered separately. The equations to correct for 
actual temperature conditions within the model differ from those used by the 
greenhouse model. The half-life at reference temperature was calculated from the sum 
of the rate constants for soil uptake and degradation (0.91 days). 
• Sorption was switched off in PEARL. 
Consensus PEARL 3 was downloaded from http://www.pearl.pesticidemodels.nl/. 
Simulations were undertaken for a compound with a vapour pressure of 5 x 10-4 Pa for 13 
years from 1997 to 2009. Application was made at 00:00 on 15 April as it is not possible to 
specify the application time within the day in PEARL, application is automatically made at 
the start of the day. Hourly meteorological data from Seville airport were used as model 
input. This dataset does not contain any rainfall data. Dummy values were used instead. The 
dummy values were real, measured rainfall data, but from a different site and from a single 
year. No rain falls on the day of application. Rainfall influences volatilisation in several 
ways. Part of the PPP can be washed off the crop onto the soil. This process was switched off 
in the model by setting the wash-off factor to zero. Moisture-dependent sorption can be 
simulated with Consensus PEARL and this can also have an influence on volatilisation from 
the soil surface. However, this feature was not used in the simulations. The effect of using 
dummy rainfall data on the results is thus expected to be small.  
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3.1.5. Spray drift in open field 
Extensive databases exist for spray drift from arable crops (and in some cases orchard crops). 
The drift values originate from field experiments performed in the UK, Germany and the 
Netherlands to determine the emission of plant protection products and to evaluate new 
techniques and technology to reduce emissions. Their aim was to reduce the amount of PPP 
that comes into contact with surface water. Research was therefore mainly focused on spray 
drift, but also on spray deposition in crop canopy and especially PPP passing through canopy 
to the soil surface underneath. Spray deposition on the soil surface is the source for leaching 
and can pass to the surface water via drainage. Effects of different spray techniques on spray 
deposition have been studied (Van de Zande et al., 2003). Measurements were performed in 
the sectors arable, open field vegetables, flower bulbs, fruit, nursery trees and greenhouses 
(Van Zuijdam & Van de Zande, 1996; Wenneker et al., 2006). Nozzle classification and drift 
schemes for drift-reducing nozzles have been introduced in a number of EU countries such as 
the Netherlands (Van de Zande et al., 2000) and the UK (Gilbert, 2000). 
Data from field studies have resulted in the development of robust databases and models to 
predict deposition and volatilisation of sprayed substances, such as IDEFICS, which can be 
used now to compare emissions from field situations with emissions from greenhouses. The 
IDEFICS spray drift model (Holterman et al., 1997, 1998) is used for the certification of drift-
reducing nozzles in the Netherlands in drift reduction classes 50, 75, 90 and 95. It is also used 
to evaluate important factors as nozzle type, sprayer boom height, driving speed, crop height, 
wind speed and direction before costly spray drift field measurements are done. It is the basis 
of a probabilistic risk model for the calculation of spray drift in a regional landscape 
environment (CASCADE; Holterman & Van de Zande, 2008, 2010). 
The IDEFICS spray drift model describes the spray drift process for boom sprayers used in 
field crops using laws of physics (Holterman et al., 1997, 1998). It is a 3D random-walk 
model that computes the paths of many droplets starting at a given nozzle at the sprayer 
boom, and ending at the location where the droplet settles downwind or when the droplet 
travels a certain fixed distance through the air. Based on actual weather data (temperature, 
relative humidity, wind speed) IDEFICS calculates the trajectories of droplets and dry 
particles remaining after evaporation of the water solvent. The path a droplet travels through 
air is determined by the average wind velocity profile, air turbulence, droplet size and weight, 
and rate of decrease of droplet size due to evaporation. Drift data for a full field application 
are obtained by subsequent simulations for several nozzles along the sprayer boom. For the 
southern zone IDEFICS will be used as it is (with appropriate climatic conditions and method 
of spraying). Input parameters such as nozzle type, wind speed, temperature and crop type 
will be adapted to the specific situation and commercial practice.  
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3.1.6. Model inputs 
The input parameters that were used in the simulations of emissions to air are given in Table 
12 to Table 16.  
Table 12. Input parameters for the KASPRO model for the simulations of emissions to 
air from a multi-span greenhouse in Murcia, Spain and a walk-in tunnel in Sicily, Italy 
Model input Unit Remarks Murcia 
tomato 
Murcia 
lettuce 
Sicily 
tomato 
Sicily 
lettuce 
Air temperature °C measured CD CD CD CD 
Air relative 
humidity 
% measured CD CD CD CD 
Global radiation W/m2 measured CD CD CD CD 
Direct radiation W/m2 calculated CD CD CD CD 
Diffuse radiation W/m2 calculated CD CD CD CD 
Wind speed m/s measured CD CD CD CD 
Sky temperature  calculated CD CD CD CD 
Cloudiness octa calculated CD CD CD CD 
Covered area ha  1 1 0.02 0.02 
Gutter height m  4 4 n.a. n.a. 
Span width m of basic 
construction 
unit 
8 8 2 2 
Length m of basic 
construction 
unit 
100 100 100 100 
Orientation degrees from north-
south direction 
0 
(north/south) 
0 
(north/south) 
0 0 
Latitude degrees  37 37 37 37 
Covering material _  Polyethylene Polyethylene Polyethylene Polyethylene 
Leakage m3/m2/s  0.002 0.002 0.004 0.004 
Day of planting 
the crop 
d  15 Aug 1 Sep 1 Sep / 1 Jan 1 Sep 
Day of removing 
the crop 
d  15 June 1 June 30 Dec / 1 
June 
15 May 
LAI _ On application 
date in April 
3 3  2  3  
CD = climate data 
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Table 13. Input parameters for the Holterman air emission model for the simulations of 
emissions to air from the multi-span greenhouse in at Murcia, Spain and the walk-in 
tunnel in Sicily, Italy, for tomatoes and lettuce 
Parameter Unit Murcia Sicily 
Crop type - Tomato;    lettuce Tomato;     lettuce 
LAI - 3;     3 2;     3 
Ground type - soil soil 
Greenhouse dimension m 100x100 m 
4.5 m averaged height 
100 x 2 m 
1.6 m high 
Ventilation rate h-1 Data from KASPRO Data from KASPRO 
Wind speed outside m/s From climate data From climate data 
Air temperature inside deg C Data from KASPRO Data from KASPRO 
Relative humidity inside % Data from KASPRO Data from KASPRO 
PPP application technique - Sprayer boom Hand sprayer 
Application dose l/ha 1500 1500 
Application date  15 April 15 April 
Interception % 75;     75 67;     75 
Timing schedule of application h 7 pm 
duration of application 1 h 
7 pm 
duration of application 4 min 
Timing schedule of vents being 
closed or open 
h 2 h closed after application Not applicable 
PPP concentration (tank) g/l 0.67 g/l (i.e. 1 kg/ha a.i.) 0.67 g/l (i.e. 1 kg/ha a.i.) 
Thickness of boundary layer  (m) 0.001 0.001 
Diffusion coefficient in air m-2 d-1 0.141 0.141 
PPP vapour pressure1 Pa 5.0 E-4 and 7.0 E-9 
(at 25 deg C) 
5.0 E-4 and 7.0 E-9 
(at 25 deg C) 
PPP molecular weight g/mol 300 300 
Molar enthalpy of vaporisation kJ/mol 95 95 
Rate of PPP uptake by crop  DT50: 24 h 
(dependent on temperature) 
DT50: 24 h 
(dependent on temperature) 
Rate of PPP absorbance by soil  DT50: 24 h 
(dependent on temperature) 
DT50: 24 h 
(dependent on temperature) 
Rate of PPP degradation 
(on crop, soil, greenhouse 
cover) 
 DT50: 10 days 
(dependent on solar radiation) 
DT50: 10 days 
(dependent on solar radiation) 
1
 The values for vapour pressure were chosen to represent a moderately volatile and non-volatile compound 
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Table 14. Input parameters for the simulations of volatilisation in the field with 
Consensus PEARL (soil parameters from FOCUS (2000) Seville scenario) 
Thickness of air boundary layer (m) 0.001 
Option for calculating volatilisation flux Aerodynamic 
Option for calculating resistance Hicks 
Length of field (m) 100 
Roughness length of soil or plant surface (m) 0.01 (default) 
Compound parameters  
Molar mass (g mol-1) 300 
Saturated vapour pressure (Pa)  5 10-4 
Temperature at which saturated vapour pressure was measured (Celsius) 25 
Molar enthalpy of vaporisation 95 (default) 
Solubility in water (mg/L)  100 
Temperature at which solubility in water was measured (Celsius) 25 
Molar enthalpy of dissolution 27 (default) 
Diffusion coefficient for diffusion in water (m2/d) default 4.3 10-5  
Diffusion coefficient for diffusion in air (m2/d) 0.141 
Temperature at which the diffusion coefficients were measured (Celsius) 25 
Freundlich sorption coefficient (Kfom) - for sorption to the organic carbon fraction in soil 0.00001 
Freundlich exponent (1/n) - to describe nonlinear sorption isotherm  default 0.9 
DT50 - half-life for dissipation in soil (day-1) at standard conditions (20 ºC and pF2) 0.91 
Exponent for moisture dependence of degradation (-) 0.7 
Activation energy for temperature dependence of degradation (kJ mol-1) 65.4 
Factor for wash-off of substance from the crop by rainfall or irrigation 0.01 m-1  
Half-life for the transformation of the substance on the crop at ref radiation(days) 10 
Reference global radiation (W m-2) 500 
Half-life for the penetration of the substance into the crop (days) 1 
Factor for wash-off from the crop 0 
Factor for substance uptake from the soil by the plant roots 0 
Date and time of application 15 April, 19:00 
Application rate for active ingredient ( g a.i./ha) 1000 
Intercepted by the crop (% )  75% 
Crop parameters  
Planting or emergence dates 1 March, 08 June 
Maturation dates (when maximum LAI is reached) 1 May, 15 Aug 
Harvest dates  1 June, 1 Oct 
LAI leaf area index (m2/m2) at emergence/planting 0 
LAI leaf area index (m2/m2) at maturation 3 
LAI leaf area index (m2/m2) at harvest 3 
Crop factor at emergence/planting 0.5 
Crop factor at maturation 0.85 
Crop factor at harvest 0.85 
Rooting depth at emergence/planting (m) 0 
Rooting depth at maturation (m) 0.6 
Rooting depth at harvest (m) 0.6 
Extinction coefficient for solar radiation 0.39 default 
Anaerobiosis point (cm) - no water extraction at higher pressure heads -10 
Wet reduction point (cm) - pressure head below which optimal water use -25 
Higher dry reduction point (cm) - pressure head below which reduction in root water uptake 
starts when evaporation high -500 
Lower dry reduction point (cm) - pressure head below which reduction in root water uptake 
starts when evaporation low -900 
Wilting point (cm) - no water use below this pressure -16000 
Constant in equation for water interception (cm) 0.25 default 
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Table 15. Input parameters for the simulations of drift from the walk-in tunnel in Sicily, 
Italy for tomatoes  
Parameter Unit Sicily, Italy 
Wind speed outside m/s From climate data 
Ventilation rate h-1 Data from KASPRO 
Dimensions of tunnel m 100 x 2 m, 1.6 m high 
Air temperature in tunnel deg C Data from KASPRO 
Relative humidity in tunnel % Data from KASPRO 
Nozzle type - Teejet flat fan XR 8002 VK 
Liquid pressure kPa 1000 
Sprayer type - Hand sprayer (see above) 
Application dose l/ha 1500 
PPP concentration (tank) g/l 0.67 g/l (i.e. 1 kg/ha a.i.) 
Density of solute kg/m3 1500 
Forward speed of sprayer m/s 0.42 
Spray release height m 0.8 
Application date and time  15 April; at 7 pm 
Field size m 100 x 2 m (tunnel area) 
Table 16. Input parameters for the IDEFICS model when computing drift for field 
applications for the Seville climate scenario (generic crop grown in Murcia or Sicily) 
Parameter Unit  
Crop height m 0.5 
Field length m 100 
Field width m 100 
Wind speed m/s From climate data 
Wind direction deg Default: perpendicular to downwind field edge 
Air temperature deg C From climate data 
Relative humidity % From climate data 
Atmospheric stability - Unstable 1: Obukhov length -5 m (estimate) 
Nozzle type - Flat fan XR11004 
Liquid pressure kPa 300 
Sprayer type - Horizontal spray boom with nozzles at spacing of 50 cm  
Application dose l/ha 300 
PPP concentration (tank) g/l 3.33 g/l (1 kg/ha a.i.) 
Density of solute kg/m3 1500 
Forward speed of sprayer m/s 1.75 
Sprayer boom height above crop m 0.5 
Application date and time  15 April, at 9 am 
1
 unstable conditions are appropriate for the Southern scenarios assuming a sunny day with blue sky; actual quantification 
depends on the weather data for Seville on the specified dates 
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3.2. Modelling of emissions to surface water from soil-less systems 
3.2.1. Methodology 
Figure 16. Input data and models used to simulate emissions to surface water from soil-
less cultivation (an equivalent field situation does not exist) 
Van der Linden model
KASPRO WATERSTROMEN
Outdoor weather data, structure, control 
system, greenhouse environment, 
growing strategy, system volumes
Indoor climate data Water flows
PPP emission to surface water from soil-less systems
PPP properties and 
application details
System 
characteristics
Covered crop
 
 
Emissions of PPP from soil-less cultivation into surface water can occur via various routes of 
entry. Two situations were simulated: 
• The PPP is added to the nutrient solution. Emissions into surface water occur via 
discharge. Condensation is not relevant in this case.  
• The PPP is sprayed. Application via spray leads to entry into surface water only via 
condensation on greenhouse walls. PPP deposited on the greenhouse walls can be 
washed-off the cover by the condensation water and enter the system. PPP that runs 
off the sprayed plant into the water system was not considered in the modelling, but it 
must be kept in mind that this can potentially be an important route of entry.    
 
Modelling of the water flows within soil-less systems were undertaken with the 
WATERSTROMEN model (Vermeulen et al., 2010; version Waterstromen 5.5b maxspui is 
drain). The model WATERSTROMEN estimates the ingoing and outgoing water flows at a 
commercial nursery during a year or a growing cycle of a crop. The model uses the 
transpiration model from De Graaf (1988) and some modifications introduced by Voogt et al., 
(2002) and parameters to simulate the water uptake for crop growth. Outdoor climate data 
such as temperature, the sum of radiation and precipitation and related greenhouse climate 
data are used as input. A number of parameters are used to calculate the various water fluxes 
on a daily basis. The volume of the rain water collection is a fundamental parameter, because 
rainwater is used as the primary water source. The ten most important greenhouse crops can 
be chosen, amongst them tomato, sweet pepper, cucumber, rose and gerbera. For each crop, 
some crop specific parameter values need to be chosen (day/night temperature, intensity and 
duration of artificial lighting, sodium (Na) threshold value, Na specific uptake). Other 
parameter values to be chosen are: sources of additional water with their sodium 
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concentration, the drain fraction, fraction of leakage and filter cleaning water, system values, 
etc.). As a result of the mentioned input data the model WATERSTROMEN calculates per 
day the amount of used rainwater, additional water and condensation water. Further the crop 
uptake, the required amount of discharge of the nutrient solution, resulting from sodium (Na) 
accumulation above the threshold value and amounts of leakage and filter cleaning water are 
calculated.  
At this moment WATERSTROMEN is the only existing model to estimate water fluxes for a 
real nursery. The strength is the combination of a transpiration model, actual weather data and 
crop specific parameters. Parts of the model are reported in publications of De Graaf (1988), 
Sonneveld et al. (1999), Sonneveld (2000) and Voogt et al. (2002) and as a whole the model 
is currently being be validated with real data from growers in the Netherlands.  
The key fluxes and potential emission routes included in the model are depicted in Figure 17 
for a closed-loop system. In reality, there are many different lay-outs of the watering system. 
There is no uniform set-up, it depends on the grower and installing dealer. 
Figure 17. Schematic view of water fluxes in a soil-less system and potential emission 
routes  
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From daily transpiration, daily water supply to the plants can be calculated and, consequently, 
the surplus given to the plants (normally about 25% to overcome irregularities in the system) 
which can be re-circulated. In closed-loop systems, the drainage water is re-circulated through 
the system after nutrient replenishment and, possibly, disinfection. The water demands of the 
system are partly met by rainfall collected in a storage basin. Additional water sources (tap 
water, reverse osmosis water, surface water) are used when the rainfall storage basin is empty. 
Water that condenses on the greenhouse walls is collected and added to the cultivation 
system. The additional water supply is often of poorer quality (higher salinity). The salinity of 
the water supply and the capacity of the storage basin are setting the accumulation of sodium 
in the re-circulating water. Each crop has a certain maximum threshold value after which a 
decrease in yield may be expected (Sonneveld and Voogt, 2009). In the Netherlands, this 
maximum threshold value is the level after which discharge of nutrient solution to surface 
water and replacement by fresh solution is legally permitted (Anonymous, 2002). The model 
calculates the rising sodium concentration and the needed discharge during the year. The 
discharge volumes are higher if the sodium concentration of the supply water is higher or the 
storage capacity of clean rainwater is lower. The model ranks the supply sources in the order 
of condensation water, rainwater, reverse osmosis and tap water. Each source has its own 
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settings for quantity and salinity. Finally the waterflux model calculates the daily discharge 
and a balance of water use is presented.  
WATERSTROMEN simulated the water flows through the soil-less cultivation system for the 
driest (2003) and wettest (1998) of the 20 years of weather data from Rotterdam airport and 
for an intermediate year (1991). Two levels of rainfall storage capacity and salt content were 
considered, including a worst case scenario. Assumptions that are relevant for the Central 
Zone are: 
• Rainwater collection in a basin of 500 m3/ha capacity), tap water added with a sodium 
content of 1.8 mmol/l (high discharge). 
• Rainwater collection in a basin of 1500 m3/ha capacity), tap water added with a 
sodium content of 1.8 mmol/l (low discharge). 
• Rainwater collection in a basin of 500 m3/ha capacity, water with a sodium content of 
0.1 mmol/l added following reverse osmosis (high discharge). 
• Rainwater collection in a basin of 1500 m3/ha capacity), water with a sodium content 
of 0.1 mmol/l added following reverse osmosis (low discharge). 
 
Emissions of PPP after application to nutrient solution 
A pilot model to simulate the fate of PPPs within soil-less systems has been developed by 
Van der Linden (2009), see also Vermeulen et al. (2010). The model was used for simulations 
within the current assignment.  
The model assumes that the PPP is added to the mixing tank (Figure 18). It is then circulated 
within the system with the nutrient solution. The model reads output on volumes of 
condensation, discharge into the waste water tank and crop water uptake from 
WATERSTROMEN. The total water supply is calculated within the model using the ratio of 
water supply to crop uptake (this parameter must be consistent with the drain percentage used 
in WATERSTROMEN). Input of daily average temperature in the greenhouse air is also 
required. These were calculated with the KASPRO model at hourly resolution and then 
converted to daily values. The Van der Linden model simulates the release of the water and 
substance from the waste water tank into surface water based on a minimum level above 
which discharge starts and a maximum allowed daily discharge into surface water. It also 
calculates leakage and filter rinsing. The water within the system is passes through a filter 
which is cleaned when necessary. This is done using a backwash process. The backwash 
water is directed to the waste-water tank. In the model, filter washing was simulated as a 
continuous process. Any pesticide in the water for filter cleaning is also discharged to the 
waste water tank. The compound is degraded in each of the water / nutrient reservoirs based 
on temperature-dependent first-order degradation kinetics. The fluctuation of temperature 
during the day in each of the reservoirs is calculated from the daily air and user-specified 
parameters (amplitude, difference between temperature in air and the various tanks). Uptake 
of the substance by the plants is calculated based on octanol/water partitioning, using a 
transpiration stream concentration factor. The reservoirs are considered to be perfectly mixed. 
Interaction with the substrate is not included in the pilot model. 
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The output of the Van der Linden model includes the concentration of the substance within 
the system, and the percentage of the total compound in the system that is taken up by the 
crop, degraded and entering surface water.  
Figure 18.  Schematic representation of the model to simulate the fate of PPPs in soil-less 
systems after addition to the nutrient solution (Vermeulen et al., 2010) 
substrate and 
conducts
sewage system 
or surface water
mixing tank 
crop
filter
water to be 
disinfectedbasin
condensation 
water
disinfected 
water tank 
wastewater 
tank
PPP
drainwater 
tank
disinfector 
leakage
 
Simulations with the model by Van der Linden (2009) were undertaken for the wettest year 
(1998, 1149 mm rainfall) and the driest year (2003, 604 mm rainfall) and the highest salinity 
level (1.8 mmol L-1) and lowest rainfall storage capacity (500 m3). The simulated loss of the 
PPP depends on the interval between application and discharge. Application in 1998 was 
made on 30 April. The effect of the application date on discharge was evaluated for the year 
2003. Eight application dates were tested (30 Apr, 12 May, 24 May, 5 Jun, 18 Jun, 2 Jul, 17 
Jul, 30 Aug). One application at 1 kg ha-1 was made per year. The applications dates were 
chosen such that no PPP was added to the system on or just before discharge occurred. This 
would lead to very large emissions and contravenes good practice.  
  
Spray application 
As described above, a proportion of the sprayed PPP can be deposited on the cover materials 
(deposition after drift or volatilisation). A fraction of the PPP may dissolve in condensation 
formed on the cover material. In the simulations, it was assumed that condensation is added to 
the soil-less system and then discharged when the nutrient solution is replaced.  
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Figure 19.  Schematic representation of the model to simulate the fate of PPPs in soil-less 
systems after spray application onto the canopy and greenhouse floor (Vermeulen et al., 
2010)  
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The model described by Van der Linden (2009) and Vermeulen et al. (2010) assumes that a 
fraction of the sprayed PPP enters the greenhouse air at the time of application. The remainder 
is deposited on the crop canopy and the greenhouse floor, depending on the interception 
factor specified by the user. The model calculates the concentration in greenhouse air based 
on volatilisation from the crop surface and the floor. The greenhouse is assumed to be 
ventilated and the complete volume of air is replaced several times a day. The number of air 
replacements per day was calculated with KASPRO. Van der Linden (2009) conceptualised 
that the compound partitions into a thin water film on the inside of the glass cover. A constant 
equilibrium exists between the concentration of the substance in the glasshouse air and the 
concentration in the water film. This is characterised by an air-water partition coefficient 
which is a function of PPP properties and temperature. The daily volume of water entering the 
hydroponic system via condensation is taken from WATERSTROMEN. This is multiplied 
with the concentration of the PPP in the thin water film to calculate the mass of PPP that is 
added to the nutrient solution on each day. The fate of the PPP inside the nutrient solution and 
discharge into surface water is calculated as described above. In addition to the degradation 
processes in the various water reservoirs, the model also accounts for degradation on the crop 
canopy, on the floor, in greenhouse air and in condensation water. 
The model was calibrated against measured data to allow for the fact that  
• The concepts of the model assumed instantaneous mixing of the volatilised PPP in the 
greenhouse air and an instantaneous equilibrium between the air and the condensation 
layer. In reality, mixing will occur slowly.  
• Volatilisation from the plant surface depends on the type of formulation. Some 
formulations slow down volatilisation compared with pure aqueous solution.  
• Volatilisation from the soil was assumed to be the independent of any interactions of 
the PPP with the soil surface. In reality, the PPP is sorbed to the soil and this can 
reduce the rate of volatilisation.  
Calibrations were performed using results from experiments in which emissions of PPP from 
glasshouses with condensation were measured for some time after application of the PPP 
(Van der Staaij and Douwes, 1996). Experiments included measurements on dichlorvos 
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(relatively volatile), parathion (intermediate volatility) and bupirimate (low volatility). PPP 
(formulations) were applied using standard application equipment. Experiments lasted several 
days to several weeks, long enough to follow measurable emissions of dichlorvos and 
parathion. The duration of the experiments was too short for bupirimate. Only results from 
experiments without emission-reducing measures were taken into account.  
Simulations with the model by Van der Linden (2009) were undertaken for the years 1998 
and 2003 and the highest salinity level (1.8 mmol L-1) and lowest rainfall storage capacity 
(500 m3). Spray application in peppers was made on 30 April at a rate of 1 kg ha-1 with 50% 
being deposited on the crop, 3% in air and 47% on the floor. 
 
3.2.2. Model inputs 
The input parameters for the various models for the soil-less surface water scenario are given 
in Table 17 to Table 19. All inputs were chosen to represent the Venlo greenhouse in the 
Netherlands and are typical for cultivation of peppers in closed-loop soil-less systems (based 
on experience within WUR Greenhouse Horticulture). It was ensured that the parameters used 
within the three models are consistent with each other. Where model default values were 
used, this is stated in the Tables below. Emissions in discharge from soil-less cultivation are 
specific to the greenhouse situation. There is no equivalent field situation.  
 
Table 17. Input parameters for the KASPRO model for the simulations of emissions to 
surface water from soil-less cultivation of peppers in the greenhouse in the Netherlands 
Model input Unit Remarks Peppers 
Air temperature °C measured CD 
Air relative humidity % measured CD 
Global radiation W/m2 measured CD 
Direct radiation W/m2 calculated CD 
Diffuse radiation W/m2 calculated CD 
Wind speed m/s measured CD 
Sky temperature  calculated CD 
Cloudiness octa calculated CD 
Covered area ha  1 
Gutter height m  5 
Span width m of basic construction unit 4 
Length m of basic construction unit 100 
Orientation degrees from north-south direction 0 (north/south) 
Latitude degrees  53 
Covering material _  glass 
Leakage m3/m2/s  0.001 
Heating system   Pipe heating system at floor and 2nd 
net at 1.5m 
Window openings area  fraction of the opening area 
to the covered area 
0.04 
Day of planting the crop d  Dec. 15 
Day of removing the crop d  Dec. 1 
LAI _ function 0-3 (reached after 3 months) 
CD = climate data 
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Table 18. Input parameters for the WATERSTROMEN model for the simulations of 
emissions to surface water from soil-less cultivation of peppers in the greenhouse in the 
Netherlands 
Crop   Peppers 
Heating   Day 20oC, Night 16 oC 
Artificial lighting  no 
Period    3 yrs (1991, 2003, 2009) 
Precipitation:   3 yrs (1991, 2003, 2009) 
Size of rainwater collection tank m3 500/1500 
Greenhouse area ha 1 
Level of rainwater basin at start m3 500/1500 
[Na] rainwater mmol/l 0.1 
[Na] in additional water mmol/l 0.1/1.8 
[Na] uptake in %, [Na] < maximum fraction 0.03 
[Na] uptake at Rmax  mmol/l 0.1 
Rmax mmol/l 6 
Leak related to nett water usage fraction 1.5% 
Use of condensation water fraction 0.75 
Reverse osmosis   no 
Drain fraction - 0.25 
% no use of rainwater in tank % 5% 
Start to fill system m3/ha 150 
Filter cleansing water m3/ha 1.63 
Filters cleansing after x m3 m3/ha 150 
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Table 19. Input parameters for the model by Van der Linden (2009) to simulate losses in 
condensation water from soil-less cultivation of peppers in the greenhouse in the 
Netherlands 
  Peppers 
Volume mixing tank m3 0.25 
Volume cultivation tank m3 125 
Volume drainwater tank m3 2 
Max volume of used water tank m3 50 
Min volume of used water tank m3 2.5 
Volume filter m3 0.125 
Volume disinfection tank m3 0.125 
Volume clean water tank m3 50 
Fraction leakage from cultivation (-) 0.015 
Fraction lost from filter (-) 0.012 
Maximum allowed discharge flow to surface water m3 day-1 48 
Volume above which discharge starts m3 10 
Ratio water supply to crop demand (-) 1.333 
Glasshouse floor surface area m2 10000 
Area of glass m2 13030 
Glasshouse volume m3 55000 
Difference between temperature in cultivation and storage 
room 
oC 2 
Temperature amplitude oC 4 
Application date   End of April 
Application rate kg 1 
Fraction intercepted by crop (if sprayed) - 0.5 
Fraction airborne (if sprayed)  0.03 (default) 
Transpiration stream conc. factor   0.51 
1st order half-life in disinfection tank (days) 100 
1st order half-life in all other tanks (days) 100 
1st order half-life for transformation in air (days) 100 
1st order half-life for transformation on floor (days) 100 
1st order half-life for dissipation from crop canopy (days) 10000 
Activation energy for degradation in tanks J mol-1 65400 (default) 
Gas constant J mol-1 K-1 8.314 (default) 
Reference temperature for degradation K 293.15 
Thickness of condensation layer mm 0.04 (default) 
No of air exchanges per day - 82-89 (calc with KASPRO) 
molar mass kg mol-1 0.3 
Saturated vapour pressure Pa 1 10-5 
Solubility kg m-3 0.1 
Reference temperature for vapour pressure and solubility oC 20 
Molar enthalpy of vaporisation kJ mol-1 96 
Molar enthalpy of dissolution kJ mol-1 27 
resistance laminar boundary layer d m-1 1.16 10-3 
reference application rate kg ha-1 1 
LAI (at time of application) - 3 
1
 calculated from log Kow = 0.57 based on the equation by Briggs et al. (1982) 
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3.3. Modelling of emissions to groundwater and surface water – soil-bound cultivation 
3.3.1. Methodology 
Emissions of PPPs to groundwater and surface water were calculated for soil-bound 
cultivation in greenhouses. The results were compared with those for the field situation, using 
outdoor weather data. 
Emissions to surface water can occur via drainage from the soil and via condensation water. 
Entry into the water body via runoff and erosion is not considered relevant for greenhouses 
(EFSA, 2010b). 
Losses via leaching and drainage 
An overview of the input data and modelling tools is given in Figure 20. 
Figure 20. Input data and models used to simulate emissions to groundwater via 
leaching and to surface water via drainage from soil-bound cultivation 
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Various standard tools exist to simulate PPP leaching through the soil profile and the potential 
for movement to surface water and groundwater. The model PEARL was used in this 
assignment (Leistra et al., 2001). The PPP model PEARL is integrated with the hydrological 
model SWAP (Van Dam et al., 1997). PEARL was chosen because it is a mechanistic models 
that can calculate movement of water and PPP to depth and entry into drainage systems. It is 
one of the most widely used regulatory pesticide leaching models, has a user-friendly 
interface and gives the user the flexibility to add new soils, crops and climate scenarios. 
PEARL and its predecessors have been tested against experimental data (e.g. Boesten and 
Gottesbueren, 2000; Tiktak, 2000; Vanclooster and Boesten, 2000; Bouraoui, 2007). The 
model was also tested and functionality added or improved within the framework of the 
APECOP project (Vanclooster et al., 2003). 
Version FOCUSPEARL 3.3.3 was used for the simulations of emissions to groundwater. A 
new version of PEARL (Tiktak et al., 2011b) became available over the course of the project. 
This version was used for the simulations of emissions to surface water via drainage because 
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this allowed us to consider preferential flow. There is no difference between the two model 
versions in the equations to simulate emissions to groundwater. The only discrepancy that 
affects the results for groundwater is the methodology of calculating the 80th percentile 
concentration in leachate at 1-m depth. This is the 17th largest annual average concentration in 
Version 3.3.3. whereas the average of the 16th and 17th largest annual average concentrations 
is calculated in the new version.  
SWAP, the hydrological model that is integrated with PEARL reads files that contain 
meteorological variables. Irrigation can be considered. The model simulates water 
evaporation from soil, water uptake by roots and transpiration by the plants. The movement of 
water through the soil is described based on the Richards equation. Various groundwater 
regimes and drainage pathways into water courses can be simulated. Output from SWAP is 
read by the PPP model PEARL and the fate (e.g. degradation, adsorption-desorption, 
volatilisation, plant uptake) and transport of the plant protection product (convection-
dispersion equation) are calculated. The possibility to simulate movement of water and 
solutes through macroporous soils that are prone to preferential flow has been added to the 
latest version (Tiktak et al., 2011b). 
The main variables that drive PPP fate and transport within covered structures are temperature 
and excess water supply. The meteorological file read by SWAP and PEARL contains the 
daily variables minimum and maximum air temperature and rainfall. Reference 
evapotranspiration can either be calculated within the model from other climatic variables or 
specified by the user. The latter option was chosen for the greenhouse simulations. The 
meteorological files were created as follows: 
Temperatures within the greenhouse were simulated from outdoor variables using KASPRO 
in hourly resolution. The daily values of minimum and maximum temperature were calculated 
and entered into the meteorological files that are read by SWAP and PEARL.  
The WATERSTROMEN model was used to simulate the uptake of water by the crop and 
daily volumes of water supply by irrigation. The difference between these two variables is the 
excess volume of water that is available for movement through the soil profile. Two levels of 
excess (Water supply = 115 and 150% of crop requirement) were considered. Crop uptake is 
identical for the two levels of excess, but the water supply differs. Although the 
WATERSTROMEN model was developed for soil-less systems, it can also be used to 
simulate the water balance in soil-bound systems. The model uses parameters that describe 
the salinity of the water supply and storage capacity for rainfall. It calculates the salt content 
of the soil assuming a certain buffering capacity of the soil for ions. But this part of the model 
does not influence the water balance and the model parameters used are only given for 
information. 
The ‘rainfall’ variable in the meteorological file for SWAP and PEARL was set to the 
volumes of water supply calculated with WATERSTROMEN. Reference evapotranspiration 
was set to the daily volumes of crop water demand calculated with WATERSTROMEN.  
SWAP divides the rainfall or irrigation into interception by the crop, evaporation from the 
soil, transpiration by the plants and leaching or runoff. Interception of water by the crop was 
set to a very small value (this is in line with the parameterisation of the FOCUS (2000) 
groundwater scenarios). Two parameters that drive soil and crop evapotranspiration were 
calibrated to ensure consistency between WATESTROMEN and PEARL These were the 
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coefficient for extinction of solar radiation and the crop factor. After calibration of the water 
balance, the movement of the PPPs through the soil profile were simulated with PEARL.  
Water that evaporates from the soil and condenses on the cover walls is assumed to be lost 
from the system. 
Figure 21. Typical Dutch situation where emission from glasshouses to surface water 
may take place.  
 
 
Losses in condensation water 
In covered structures, a proportion of the applied PPP can be deposited on the cover walls 
(deposition after drift or volatilisation). This PPP may be washed off with condensation water. 
Condensate drips from the covers onto the soil or glides down hard covers and is collected in 
gutters. There are no rules about where the gutters discharge, but direct entry into surface 
water is possible. This results in two different situations for surface water emissions from 
soil-bound systems: (i) PPP is routed onto the soil from where it can move to surface water 
via drainage, and (ii) PPP is directly discharged into the surface water. In some countries (e.g. 
the Netherlands), condensation must be collected and re-used, discharge is not allowed  
Figure 22. Input data and models used to simulate emissions to surface water from soil-
bound cultivation via condensation 
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greenhouse environment, 
growing strategy
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The percentage of applied PPP that is deposited on the cover material and the subsequent 
wash-off within the condensation water were calculated with the model described by Van der 
Linden (2009) and Vermeulen et al. (2010). The volume of condensation water calculated 
with WATERSTROMEN is read into the model. Simulations were undertaken for the year 
2009. The interaction of the various models is shown in Figure 22. 
 
3.3.2. Model inputs 
The inputs for the models used to simulate emissions to groundwater and surface water from 
soil-bound cultivation of chrysanthemum and lettuce in the greenhouse in the Netherlands are 
given below. 
Table 20. Input parameters for the KASPRO model for the simulations of emissions to 
groundwater and surface water from soil-bound cultivation of chrysanthemum and 
lettuce in the greenhouse in the Netherlands 
Model input Unit Remarks Chrysanthemum Lettuce 
Air temperature °C measured CD CD 
Air relative 
humidity 
% measured CD CD 
Global radiation W/m2 measured CD CD 
Direct radiation W/m2 calculated CD CD 
Diffuse radiation W/m2 calculated CD CD 
Wind speed m/s measured CD CD 
Sky temperature  calculated CD CD 
Cloudiness octa calculated CD CD 
Covered area ha  1 1 
Gutter height m  5 5 
Span width m of basic construction 
unit 
4 4 
Length m of basic construction 
unit 
100 100 
Orientation degrees from north-south 
direction 
0 (north/south) 0 (north/south) 
Latitude degrees  53 53 
Covering material _  glass glass 
Leakage m3/m2/s  0.001 0.001 
Heating system   Hoist heating system 
and top of greenhouse 
Air heaters 
Window openings 
area 
 fraction of the opening 
area to the covered 
area 
0.04 0.04 
Day of planting the 
crop 
d  continuously continuously 
Day of removing 
the crop 
d  continuously continuously 
LAI _ At application date in 
April  
3 3 
CD = climate data 
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Table 21. Input parameters for the WATERSTROMEN model for the soil-bound 
groundwater and surface water scenarios 
crop  Unit Chrysanthemum Lettuce 
heating  D 21 - N 19oC D 18 - N 15oC 
artificial lighting  yes (10000 lux) no 
Period  20 yrs (1990-2009) 20 yrs (1990-2009) 
Precipitation  20 yrs (1990-2009) 20 yrs (1990-2009) 
size of rainwater collection tank m3 1500 500 
greenhouse area ha 1 1 
level of rainwater basin at start m3 1500 500 
[Na] rainwater mmol/l 0.1 0.1 
[Na] in additional water mmol/l 1.8 1.8 
[Na] uptake in %, [Na] < maximum % 0.06 0.5 
[Na] uptake at Rmax  mmo/l 0.4 0.5 
Rmax mmol/l 6 5 
use of condensation water fraction 0 0 
reverse osmosis   no no 
drain fraction % 50 and 15 50 and 15 
minimum watering amount per time mm 10 10 
Irrigation factor 1)  0.56 – 0.76 0.56 – 0.76 
Ion binding capacity of soil  low low 
1) irrigation factor is a percentage of the real transpiration of the crop and dedicates the moment watering starts. A smaller 
figure indicates an earlier watering and realises an excess flow (for 0.56 the excess is 50% of the required demand estimated 
for transpiration).  
Table 22. Compound parameters for the simulations with PEARL for the soil-bound 
groundwater and surface water scenarios.  
Molar mass (g mol-1) 300 
Saturated vapour pressure (Pa)  1 10-5 
Temperature at which saturated vapour pressure was measured (Celsius) 20 
Molar enthalpy of vaporisation 95 (default) 
Solubility in water (mg/L)  100 
Temperature at which solubility in water was measured (Celsius) 20 
Molar enthalpy of dissolution 27 (default) 
Diffusion coefficient for diffusion in water (m2/d) default 4.3 10-5  
Diffusion coefficient for diffusion in air (m2/d) default 0.43 
Temperature at which the diffusion coefficients were measured (Celsius) 20 
Freundlich sorption coefficient (Kfom) - for sorption to the organic carbon fraction in soil 10-200 
Freundlich exponent (1/n) - to describe nonlinear sorption isotherm  default 0.9 
DT50 - half-life for dissipation in soil (day) at standard conditions (20 ºC and pF2) 10-200 
Exponent for moisture dependence of degradation (-) 0.7 
Activation energy for temperature dependence of degradation (kJ mol-1) 65.4 
Half-life for dissipation in water (days)  100 
Factor for wash-off of substance from the crop by rainfall or irrigation 0.01 m-1 default 
Half-life for the dissipation of the substance on the crop (days) 1000000 default (no dissipation) 
Factor for substance uptake from the soil by the plant roots 0.5 default 
Date of application 30 April, 10 June or 1 Aug 
Application rate for active ingredient ( g a.i./ha) 1000 
Intercepted by the crop (% )  50% 
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Table 23. Crop parameters for soil-bound greenhouse crops and the generic field crop 
used in the groundwater and surface water simulations with PEARL 
Crop parameters Chrysanthemum Lettuce Generic field crop 
planting or emergence dates 01 Jan1 01 Jan1 15 March, 01 July 
maturation dates (when maximum LAI is reached) 02 Jan1 02 Jan1 15 May, 1 Sep 
harvest dates  31 Dec1 31 Dec1 15 June, 15 Oct 
LAI leaf area index (m2/m2) at emergence/planting 0 0 0 
LAI leaf area index (m2/m2) at maturation 31 31 5 
LAI leaf area index (m2/m2) at harvest 31 31 5 
Crop factor at emergence/planting 1.051 (calibrated) 1.051 (calibrated) 0.5 
Crop factor at maturation 1.051 (calibrated) 1.051(calibrated) 0.85 
Crop factor at harvest 1.051 (calibrated) 1.051 (calibrated) 0.85 
Rooting depth at emergence/planting (m) 0.31 0.31 0 
Rooting depth at maturation (m) 0.31 0.31 0.6 
Rooting depth at harvest (m) 0.31 0.31 0.6 
Extinction coefficient for solar radiation 1 (calibrated) 1 (calibrated) 0.39 default 
Anaerobiosis point (cm) - no water extraction at higher 
pressure heads -10 -10 -10 
Wet reduction point (cm) - pressure head below which 
optimal water use -25 -25 -25 
Higher dry reduction point (cm) - pressure head below 
which reduction in root water uptake starts when 
evaporation high 
-500 -500 -500 
Lower dry reduction point (cm) - pressure head below which 
reduction in root water uptake starts when evaporation low -900 -900 -900 
Wilting point (cm) - no water use below this pressure -16000 -16000 -16000 
Constant in equation for water interception (cm) 0.25 default 0.25 default 0.25 default 
1
 The greenhouse is divided into smaller areas and each week a crop is planted in one area and harvested in another. In order to simplify the 
modelling and the interpretation of the results, the complete area of the greenhouse is assumed to be cropped continuously and average 
crop parameters are used to account for the fact that crops of various stages are present in reality. 
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Table 24. Selected soil, drainage and ditch parameters used in the surface water 
simulations with PEARL  
Parameter    
Max. ponding depth for runoff (m) 0   
Reference rapid drainage resistance (day-1) 14   
Runoff extraction efficiency factor (-) 0.125   
Fraction of sorption sites in bypass domain 0.02   
Initial groundwater level (m) -0.9   
Mean lowest groundwater level (m) -1.4   
Boundary pressure head (cm) -5   
Lower boundary condition Cauchy   
Drainage base to correct groundwater level (m) -0.9   
Resistance of aquitard (d) 5   
Drainage resistance (d) 140   
Infiltration resistance (d) 140   
Distance between drains (m) 4   
Bottom of drain system (m) 0.9   
Ditch model Boxmodel   
Area of field (m2 m-1) 100   
Width of ditch (m) 4.08   
Linear volume of ditch (m3 m-1) 1.6178   
 
Table 25. Input parameters for the simulations of losses in condensation water with the 
model by Van der Linden (2009) for the soil-bound surface water scenarios. 
  Chrysanthemum Lettuce 
Volume mixing tank m3 Dummy value Dummy value 
Volume cultivation tank m3 Dummy value Dummy value 
Volume drainwater tank m3 Dummy value Dummy value 
Max volume of used water tank m3 Dummy value Dummy value 
Min volume of used water tank m3 Dummy value Dummy value 
Volume filter m3 Dummy value Dummy value 
Volume disinfection tank m3 Dummy value Dummy value 
Volume clean water tank m3 Dummy value Dummy value 
Fraction leakage from cultivation (-) Dummy value Dummy value 
Fraction lost from filter (-) Dummy value Dummy value 
Maximum allowed discharge flow to 
surface water 
m3 day-1 Dummy value Dummy value 
Ratio water supply to crop demand (-) Dummy value Dummy value 
Glasshouse floor surface area m2 10000 10000 
Area of glass m2 13030 13030 
Glasshouse volume m3 55000 55000 
Difference between temperature in 
cultivation and storage room 
oC 2 2 
Temperature amplitude oC 4 4 
Application date   30 April 30 April 
Application rates  kg 1 1 
Fraction intercepted by crop (if sprayed) - 0.51 0.51 
Fraction airborne (if sprayed) - 0.03 (default) 0.03 (default) 
Transpiration stream conc. factor  - 0.5 0.5 
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Table 25 continued    
1st order half-life in disinfection tank (days) 100 100 
1st order half-life in all other tanks (days) 100 100 
1st order half-life for transformation in air (days) 100 100 
1st order half-life for transformation on 
floor 
(days) 100 100 
1st order half-life for dissipation from crop 
canopy 
(days) 10000 10000 
Activation energy for degradation in tanks J mol-1 65400 (default) 65400 (default) 
Gas constant J mol-1 K-1 8.314 (default) 8.314 (default) 
Reference temperature for degradation K 293.15 293.15 
Thickness of condensation layer mm 0.04 (default) 0.04 (default) 
No of air exchanges per day - Calculated by Kaspro Calculated by Kaspro 
molar mass kg mol-1 0.3 0.3 
Saturated vapour pressure Pa 1 10-5 1 10-5 
Solubility kg m-3 0.1 0.1 
Reference temperature for vapour pressure 
and solubility 
oC 20 20 
Molar enthalpy of vaporisation kJ mol-1 96 (default) 96 (default) 
Molar enthalpy of dissolution kJ mol-1 27 (default) 27 (default) 
resistance laminar boundary layer d m-1 1.16 10-3 (default) 1.16e-3 (default) 
reference application rate kg ha-1 1 1 
LAI (at time of application) - 3.0 3.0 
1
 calculated from log Kow = 0.57 based on the equation by Briggs et al. (1982) 
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4. RESULTS AND DISCUSSION ON EMISSIONS TO AIR 
4.1. Emissions due to volatilisation and ventilation 
Results of the model calculations on emissions to air via volatilisation and ventilation are 
shown below. It should be noted that emission from the protected structures is defined as the 
mass of pesticide that leaves the structure and reaches the outside air. Emissions from the 
field are defined as the mass of pesticide that reaches the air directly above the treated surface.  
4.1.1. Emissions from the multi-span greenhouse 
Tomato crop 
For the Murcia multi-span greenhouse, weather data of Seville were used. Using KASPRO 
the temperature, relative humidity and ventilation rate for the greenhouse was computed on an 
hourly basis. These data were used as input for the Greenhouse Emission Model. Application 
was assumed to take place at April 15 from 7 pm until 8 pm in each year (1997-2009). Two 
PPPs were used: a product with relatively high vapour pressure of 5 x 10-4 Pa (to be indicated 
as PPP1) and an involatile product with a vapour pressure of 7 x 10-9 Pa (PPP2). 
Figure 23 shows the cumulative fractions ventilated after 24 to 96 hours since start of the 
application for PPP1, for each year. After 96 hours the final fate of a small portion of PPP was 
still unresolved. It was assumed that part of this unresolved portion would contribute to 
emission to air, which is represented in the 5th dataset of extrapolated values (Mvent~). 
Averaged for the 13 years, the total fraction ventilated was 24% (standard deviation 4%). The 
90th percentile value was 30%. The simulations for PPP2 yielded no significant emission to air 
(<0.001%), clearly due to its low saturated vapour pressure. 
The whereabouts of PPP1 during the first 4 days since the start of the application is shown in 
Figure 24 for the year 2007 as being the closest to the 90th percentile result. The curves 
indicated as ‘on crop, soil, cover’ represent fractions of PPP on those surfaces that are still 
available for volatilisation, uptake or degradation. In the end, these fractions will go to zero. 
Similarly, the fraction ‘vapour in air’ is still available for ventilation or deposition. On the 
current linear scale of the y- axis it is too low to be distinguished from the x-axis. The fraction 
degraded on the greenhouse covers is also very low. The fractions fixed on crop and soil (by 
uptake and degradation) are governed by uptake. Figure 25 shows the separation of uptake 
and degradation for crop and soil, together with the other final states in the model. The 
amounts fixed due to degradation are much lower than the amounts fixed by uptake: on the 
crop, degradation is about 0.6% of the uptake; on the soil this is about 0.1% of the uptake. 
There is no degradation during the night because this process is assumed to depend on 
sunlight. It should be noted that the concept of soil degradation in the greenhouse emission 
model differs from that in other pesticide fate models. Most models assume that soil 
degradation occurs day and night throughout the soil profile and is driven by actual soil 
temperature and moisture. But in the context of emissions to air, photolysis at the surface over 
a few days after application is the most relevant dissipation process in soil. See Section 4.1.2 
for additional comments. 
The results show that the year by year variation is relatively large (the highest value is 
approximately double the lowest value). The major cause for this variation appeared to be the 
ventilation rate (see Table 26, upper row). Figure 26 shows the relation between the total 
fraction ventilated (for PPP1) and the ventilation rate, averaged over 4 days since start of the 
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application. Each dot represents one year (1997-2009). Note that the vertical axis has a 
logarithmic scale. Compared to the walk-in tunnel (see below), the averaged ventilation rate 
during those 4 days is relatively low: 12 h-1, though in some years much higher average 
ventilation rates were observed. 
The emission results for year 2007 were closest to the 90th percentile result. Figure 27 shows 
the emission rate [kg h-1] for PPP1 during 96 hours since the application, in the year 2007. It 
shows that the highest rate of emission was 0.012 kg·h-1, which occurred at about noon on the 
next day, April 16 (17 hours after start of application). At that time the indoor temperature 
was relatively high, vents were partly opened and vapour concentration in greenhouse air was 
relatively high. Peaks at 24 hours and 48 hours are caused by high ventilation rates because 
the windows were opened to control temperature and humidity at that time (see Figure 28). 
 
Figure 23. Cumulative fractions ventilated (PPP1) to the air outside a multi-span 
greenhouse (Murcia) with a tomato crop after 24, 48, 72 and 96 hours since start of the 
application. The 5th dataset (Mvent~) indicates an extrapolation to a final value. 
Murcia, tomato, PPP1
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Table 26. Correlation coefficients for total fraction ventilated and input parameters 
(averaged over 4 days since start of the application), for multi-span greenhouse and 
walk-in tunnel with tomato or lettuce crop, for years 1997-2009. Correlations >0.7 are 
marked with a grey field; highest correlation per row is given in bold. 
 
Indoor 
temperatu
re 
Indoor 
relative 
humidity 
Ventilatio
n rate 
Outdoor 
temperatu
re 
Outdoor 
relative 
humidity 
Outdoor 
wind 
speed 
Solar 
radiation 
Multi-span, tomato 0.24 0.44 0.88 0.82 0.12 -0.01 0.05 
Multi-span, lettuce 0.74 0.14 0.94 0.83 0.18 -0.03 0.05 
Walk-in, tomato 0.97 0.09 -0.14 0.96 0.04 -0.07 0.09 
Walk-in, lettuce 0.95 0.12 -0.01 0.95 0.09 -0.02 0.04 
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Figure 24. Whereabouts of PPP1 during 96 hours since start of application in a multi-
span greenhouse with a tomato crop, Murcia, 2007. 
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Figure 25. Cumulative fractions of PPP1 in final state during 96 hours since start of 
application, for a multi-span greenhouse with a tomato crop, Murcia, 2007. 
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Figure 26. Relationship between total fraction of PPP1 ventilated and averaged 
ventilation rate of a multi-span greenhouse with a tomato crop, for years 1997-2009, 
Murcia. 
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Figure 27. Rate of emission due to ventilation for a multi-span greenhouse with a tomato 
crop during 4 days since start of the application. For PPP1 and year 2007, Murcia. 
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Figure 28. Ventilation rate for a multi-span greenhouse with a tomato crop during 4 
days since start of the application. Murcia, year 2007. 
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Lettuce crop 
The assumed location for the multi-span greenhouse with the lettuce crop is the same as for 
the tomato crop and the LAI was similar. However, since the climate control algorithms are 
different for different crops (the temperature setpoints are lower for lettuce), the climate data 
inside the greenhouse with a lettuce crop differ slightly from the case with a tomato crop. 
Consequently, results for the lettuce crop differ slightly from those for the tomato crop. 
However, observed differences are small (see Figure 29 compared to Figure 23). 
Averaged for the 13 years, the total fraction ventilated was 21% (standard deviation 6%). The 
90th percentile value was 32%. As with tomato, the observed variation in the ventilated 
fraction was mainly due to variation in ventilation rate. However, part of the variation was 
due to varying temperature inside the greenhouse as well (see Table 26, second row). The 
average ventilation rate during those 4 days is relatively low: 20 h-1. 
For the lettuce crop too, the total fraction ventilated in year 2007 was closest to the 90th 
percentile. Figure 30 shows the emission rate [kg h-1] for PPP1 for that year during 96 hours 
since the application. The highest rate of emission was 0.015 kg·h-1, which is comparable to 
that with the tomato crop. However, this rate of emission occurred at about 6 pm on the next 
day, 23 hours after start of application. The corresponding ventilation rates are shown in 
Figure 31. 
 
Figure 29. Cumulative fractions ventilated (PPP1) to the air outside a multi-span 
greenhouse (Murcia) with a lettuce crop after 24, 48, 72 and 96 hours since start of the 
application. The 5th dataset (Mvent~) indicates an extrapolation to a final value. 
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Figure 30. Rate of emission due to ventilation for a multi-span greenhouse with a lettuce 
crop during 4 days since start of the application. For PPP1 and year 2007, Murcia. 
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Figure 31. Ventilation rate for a multi-span greenhouse with a lettuce crop during 4 
days since start of the application. Murcia, year 2007. 
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4.1.2. Emissions from the walk-in tunnel 
Tomato crop 
For the Sicily walk-in tunnel the same weather data of Seville were used as with the Murcia 
multi-span greenhouse. KASPRO was used to compute temperature, relative humidity and 
ventilation rate for the tunnel on an hourly basis. These data were used as input for the 
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Greenhouse Emission Model. Application of PPP1 and PPP2 was assumed to take place at 
April 15 at 7 pm for about 4 min for a single tunnel (1997-2009).  
The year by year variations are shown in Figure 32. This graph is similar to that for the multi-
span greenhouse displayed in Figure 23. Averaged for the 13 years, the total fraction 
ventilated was 26% (standard deviation 6%). The 90th percentile value was 34%. Again, the 
results for year 2007 were closest to the 90th percentile. These results apply to one tunnel, 
there are 33 2-m wide tunnels per ha, i.e. 2/3 of the area are covered with tunnels. However, 
as each tunnel has the same emission to air, upscaling to 1 ha of tunnels yields the same 
percentages. The simulations for PPP2 yielded no significant emission to air (<0.001%), 
clearly due to its very low saturated vapour pressure.  
 
Figure 32. Cumulative fractions ventilated (PPP1) to the air outside a walk-in tunnel 
(Sicily) with a tomato crop after 24, 48, 72 and 96 hours since start of the application. 
The 5th dataset (Mvent~) indicates an extrapolation to a final value. 
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The whereabouts of PPP1 during the first 4 days since start of the application is shown in 
Figure 33. The curves indicated as ‘on crop, soil, cover’ represent fractions of PPP on those 
surfaces that are still available for volatilisation, uptake or degradation. In the end these 
fractions will tend to zero. Similarly, the fraction ‘vapour in air’ is still available for 
ventilation or deposition. On the current linear scale of the y- axis it is too low to be 
distinguished from the x-axis. The fraction degraded on the greenhouse covers is also very 
low. The amounts fixed due to degradation are much lower than the amounts fixed by uptake. 
Degradation on the crop is about 1.4% of the uptake; on soil this is only 0.3%.  
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Figure 33. Whereabouts of PPP1 during 96 hours since start of application in a walk-in 
tunnel with a tomato crop, Sicily, 2007. 
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Figure 34. Relation between total fraction of PPP1 ventilated and average temperature 
in a walk-in tunnel (Sicily) with a tomato crop, for years 1997-2009. 
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Compared to the multi-span greenhouse (see above), the averaged ventilation rate during 96 
hours after application is relatively high: 370 h-1. Remarkably, the total fraction of ventilated 
PPP for the walk-in tunnel is not much higher than that for the multi-span greenhouse. 
Apparently, for the walk-in tunnel the ventilation rate is not the limiting factor in the emission 
process. It turned out that in this case the volatilisation rate of PPP from crop, soil and tunnel 
cover was the limiting factor. As volatilisation rates correlate with temperature in the tunnel, 
so does the total fraction ventilated (see Figure 34 and Table 26, third row).  
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Figure 35 shows the rate of emission during 4 days after application, for the walk-in tunnel 
with a tomato crop. Compared to the graph of Figure 27 the extremes are less pronounced, 
mainly due to the fact that the tunnel is not fully closed during nights. The corresponding 
ventilation rates during those 4 days are shown in Figure 36. 
Figure 35. Rate of emission due to ventilation for a walk-in tunnel with a tomato crop 
during 4 days after the application. For PPP1 and year 2007, Sicily. Values are scaled for 
a total area of 1 ha covered by 33 tunnels. 
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Figure 36. Ventilation rate for a walk-in tunnel with a tomato crop during 4 days since 
start of the application. Sicily, year 2007. 
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Lettuce crop 
The results for lettuce in a walk-in tunnel are very similar to those for the tomato crop. The 
year by year variations are shown in Figure 37. This graph is similar to that for the multi-span 
greenhouse displayed in Figure 29. Averaged for the 13 years, the total fraction ventilated was 
26% (standard deviation 7%). The 90th percentile value was 34%. These results apply to one 
tunnel. However, as each tunnel will give largely the same emission to air, upscaling to 1 ha 
of tunnels will give the same percentages. Like with tomato, the observed variation in the 
ventilated fraction was mainly due to variation in temperature in the tunnel.  
Figure 37. Cumulative fractions ventilated (PPP1) to the air outside a walk-in tunnel 
(Sicily) with a lettuce crop after 24, 48, 72 and 96 hours since start of the application. 
The 5th dataset (Mvent~) indicates an extrapolation to a final value. 
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application: April 15, 7pm
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For the walk-in tunnel, volatilisation rate is the major factor governing emissions to air. 
However, half-lives for uptake and degradation may be important as well. A relatively fast 
uptake or degradation reduces the amount of PPP that might otherwise have left the tunnel as 
emission to air. So far, a degradation half-life of 10 days was assumed for PPPs on crop and 
soil, for a solar radiation of 500 W/m2. For uptake of PPP in crop or soil a half-life of 1 day 
was assumed. Figure 38 shows that the total fraction lost by ventilation can increase 
significantly if the half-lives for uptake increase (i.e. the rate of uptake decreases). There 
appeared to be hardly any dependence on degradation half-lives (Figure 39). This corresponds 
well with the above-mentioned findings that degradation represents only about 1% of the PPP 
fixed on crop or soil. Degradation is assumed to be proportional to solar radiation. Therefore 
degradation is completely inhibited during night and rates of degradation might be high only 
around noon. Another factor of importance is that the crop absorbs a considerable amount of 
light, and only a relatively small part of the radiation reaches lower leaf levels and the soil 
beneath. So, in the end, degradation turns out to be only a small factor in the whole process 
unless degradation half-lives are extremely low (e.g. a few hours at most), even during a 
sunny day.  
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Figure 38. Total fraction of PPP1 ventilated as a function of uptake half-lives. For a 
walk-in tunnel (Sicily) with a lettuce crop, year 2007.  
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Figure 39. Total fraction of PPP1 ventilated as a function of degradation half-lives. For a 
walk-in tunnel with a lettuce crop, year 2007, Sicily.  
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4.1.3. Volatilisation in the field 
Consensus PEARL was used to simulate the losses to air of compound PPP1 (vapour pressure 
5 × 10-4 Pa). Simulations were undertaken for 13 years. The total mass volatilised in each of 
the 13 years is shown in Figure 40 as a fraction of the mass applied.  
Figure 40. Cumulative fraction lost to air from a sprayed crop via volatilisation in the 
field over 13 years (Seville climate data)  
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The loss via volatilisation in the field simulated with Consensus PEARL ranged from 2.9% to 
8.8% of the applied amount, the 90th percentile was 7.4%. The difference between the losses 
in the field for the 13 years can be explained by the variation in wind speed and temperature 
after application. The higher the temperature, the greater the emission. In years with a similar 
temperature, the loss is the greater the faster the wind speed. The fraction lost to air in the 
field is smaller than for the multi-span greenhouse (90th percentile 30-32% of applied) or 
walk-in tunnel (34% of applied) calculated with the Holterman emission model.  
 
The year closest to the 90th percentile loss was 2007. For this year, the mass balance simulated 
with Consensus PEARL is shown in Figure 41 at an hourly resolution for the first 96 hours 
after application. 
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Figure 41. Whereabouts of PPP1 during 96 hours since start of application in the field, 
2007. 
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Consensus PEARL simulated that 65% of the applied mass are lost from the crop surface by 
the end of the 96-hour period either by transformation or penetration into the plant tissue. This 
is somewhat higher than the dissipation from the crop simulated by the Holterman emission 
model in the multi-span greenhouse (51% of applied; Figure 24). Losses from the soil 
simulated with PEARL accumulated to 14% compared with 17% in the greenhouse. A total of 
7.6% of the applied amount are lost into the air by volatilisation in the field, the emission 
from the greenhouse was approximately 30%. 
The main factors influencing the emissions in the field and covered structure are 
volatilisation, air exchange and competing dissipation processes. Volatilisation is strongly 
temperature-dependent. Temperatures in the open field are lower than in the covered 
structures and this is expected to be one of the reasons for the smaller simulated emissions to 
air. On the other hand, the air above the treated field is expected to be replaced faster by clean 
air than in the covered structure where air exchange is partly inhibited by the presence of the 
structure. The effect of both factors on the emissions in the field was tested to facilitate the 
interpretation of the results. First, a simulation was undertaken with PEARL based on 
temperature data for the greenhouse in 2007. All other variables were the same as for the field 
simulation. The amount volatilised over 96 hours increased from 7.6% to 13.0%. This is 
caused by the direct effect of temperature on volatilisation. The indirect effect via its 
influence on loss processes was small. Next, the greenhouse temperatures were combined 
with modified wind speeds to evaluate the effect of reduced air exchange in the greenhouse 
compared with the field situation. For this purpose, the outdoor wind speed data in each hour 
of the simulation period were divided by 3. This reduced the loss to air to 4.8% of applied. 
The negative effect of the reduced wind speed on volatilisation more than compensated the 
positive effect of increased temperatures. It should, however, be noted that the difference 
between indoor and outdoor temperature mid April 2007 is relatively small (~2oC on 
average).  
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The above results show that the smaller emissions from the field cannot be explained by the 
difference in temperature and air exchange alone. Differences in the model concepts and their 
parameterisation are likely to have contributed to the discrepancies. The description of the key 
processes is listed in Table 27.  
Table 27. Overview of some of the process descriptions in the Holterman model and 
Consensus PEARL 
 Holterman model CONSENSUS PEARL 
Dissipation on soil  First-order, 
radiation-dependent 
First-order, 
temperature-and moisture-dependent 
Uptake into soil  First-order, irreversible, 
temperature-dependent 
n.a. 
Sorption  n.a. Reversible process, Freundlich, not dependent 
on temperature, moisture or radiation 
Dissipation on plant  First-order, radiation-dependent First-order, radiation-dependent 
Uptake into plant  First-order, temperature-dependent First-order, constant 
Resistance for transport 
through boundary layer  
Temperature-dependent 
(almost constant) 
Depends on wind speed 
(greater resistance at night) 
 
Though the basic differential equations used in the volatilisation module of Consensus 
PEARL and in the present greenhouse emission model are the same, there are some 
differences in the way the required parameters are computed and implemented. Regarding the 
effect on the computational results, one of the major differences between the models is the 
way volatilisation is dealt with. Both models use the concept of diffusion through a laminar 
boundary layer for the volatilisation from soil and crop. However, in the greenhouse emission 
model, the transport resistance through this boundary layer is almost constant, while in the 
current version of Consensus PEARL, this resistance may vary considerably, primarily 
depending on wind speed (Van den Berg and Leistra, 2004). Thus, during the night, when 
wind speeds are usually low, the transport resistance in PEARL is high which reduces 
volatilisation in favour of the competing processes such as uptake and degradation. Another 
difference between the models, though of lesser importance, is the way the size of the 
volatilising surface area is dealt with. 
Another problem is that the competing uptake and dissipation processes are not described in 
the same way in both models. Although the parameters were made consistent as much as 
possible, there are still differences in the model outcome that cannot be eliminated 
completely.  
The calculations with Consensus PEARL were compared with the results of a simple estimate 
of volatilisation. Smit et al. (1998) derived an empirical relation between saturated vapour 
pressure and cumulative volatilisation, using measured or derived data from literature: 
Log CV = 1.528 + 0.466 log VP 
where CV is cumulative volatilisation (% of applied dose) and VP is saturated vapour 
pressure (mPa). Using this equation, with a saturated vapour pressure of 0.5 mPa, the 
estimated cumulative volatilisation would be 24% of the total applied amount of PPP on 
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leaves. Assuming that the initial amount on the crop is 75% of the total amount applied, this 
yields an estimate of 18% volatilised. This is larger than the volatilisation calculated with 
PEARL. Additional volatilisation from the soil will increase this value slightly. Considering 
that the data used by Smit is based on measurement for different seasons, different climatic 
and meteorological conditions (Germany, USA, Canada), it is no surprise that the data show 
considerable scatter.  
 
4.1.4. Uncertainties with emissions to air due to ventilation 
Modelling tools and parameterisation 
Level of uncertainty: medium 
Impact of uncertainty: high 
All models are a simplification of reality and this carries a degree of uncertainty. Additional 
uncertainty is introduced by the parameterisation of these models which relies to a large 
degree on expert judgement. But models are the only tool available that could provide 
answers to the question at hand within this assignment.  
KASPRO and the greenhouse emission model were used to simulate temperature and 
ventilation and emissions from the protected crops. Both models have been used extensively 
in the past. To our knowledge, KASPRO is the most comprehensive greenhouse climate 
model currently available. KASPRO has been assessed in previous projects and has been 
found to be reliable for well-controlled greenhouses. The PPP emission model is a 
mechanistic model that was specifically developed to calculate emissions from greenhouses. 
This research tool has been not yet been validated against measured data.  
It was not possible within this assignment to adapt the greenhouse models to allow 
simulations for the field situation. Consensus PEARL was used instead to simulate 
volatilisation in the field. Every effort was made to harmonise the parameterisation of the 
greenhouse emission model and Consensus PEARL. But conceptual differences lead to 
discrepancies between the outputs that are not due to the presence of the protected structure 
and its effect on temperature and wind speed. It is, therefore, unwise to rely on this modelling 
study for absolute values of outputs. The results should only be taken as an indication of the 
potential for emissions to air via volatilisation and ventilation. This means that a comparison 
of the protected crops with the field situation based on the results reported here is difficult.  
However, as this study is a comparative study of three scenarios, then the results can be 
extremely helpful in defining the key process of concern, the direction of the effects of 
changing the scenario, and the magnitude of those effects. In comparing the emissions to air 
from ventilation, there are four key areas of sensitivity.  These are the vapour pressure of the 
substance, the ventilation rate, the rate of volatilisation, and the rate of PPP dissipation on / 
uptake into soil and vegetation. Even though there is uncertainty surrounding every one of the 
input parameters, it seems from our analysis here that these four areas control the majority of 
the variation in the outputs. It is appropriate to analyse the uncertainty surrounding these 
sensitive areas. 
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Vapour pressure of the substance 
Level of uncertainty: medium 
Impact of uncertainty: high 
In the analysis shown here, the effect of changing the vapour pressure from 0.5 mPa to 7x10-6 
mPa led to a reduction of emissions from around 25% to zero.  The shape of this relationship 
is not clear from these two data points.  However, it is obvious that accurate values for vapour 
pressure will be required in any simulation exercise, at least for substances with high vapour 
pressures. Vapour pressure is part of the standard data package for pesticides. But a 
considerable variation in measured values for the same compound is sometimes found. Where 
there is a database of multiple values for vapour pressure, care should be taken to select the 
one where the experimental conditions are the most appropriate to volatilisation in practical 
scenarios. 
 
Ventilation rate 
Level of uncertainty: low 
Impact of uncertainty: high 
In a climate-controlled greenhouse, the ventilation rate was linked to the internal climate.  Our 
confidence in the values used in this modelling study is determined by our confidence in the 
predictions of the KASPRO model for ventilation, and also in the input data used for the 
KASPRO simulations. In this project, the predicted ventilation rates are intuitively 
reasonable: in the multi-span greenhouse, ventilation is low interspersed with very high 
values when the windows are open; whereas in the walk-in tunnel, ventilation is high and the 
variability is lower. Since information on ventilation rates of a walk-in tunnel was not found 
in the literature, exploratory calculations were first carried out with a Computational Fluid 
Dynamics (CFD) model. Ventilation rates that can be expected under the conditions of a 
walk-in tunnel were simulated with the CFD model under different climatic conditions and 
for different opening areas. The ventilation rate in each hour of the simulation period was then 
simulated with KASPRO. This increased the confidence in the KASPRO modelling. 
Random uncertainty in the input parameters for KASPRO has been implicitly considered by 
using a multi-year simulation period.  Systematic error in the input data for KASPRO has not 
been assessed. However, since the meteorological input data for both the multi-span 
greenhouse and the walk-in tunnel are identical, then any effects of systematic error should 
cancel out in the analysis. 
The simulations in the field are sensitive for changes in wind speed. Variability in wind speed 
was accounted for by simulating 13 years of real weather data.  
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The rate of volatilisation 
Level of uncertainty: high (mainly due the model process descriptions) 
Impact of uncertainty: high 
In the walk-in tunnel, the controlling factor for emission was the rate of movement from 
surface residues to airborne residues.  This rate is dependent on several factors: the vapour 
pressure of the substance, the temperature and the remaining residue, as well as the process 
descriptions within the model.  The temperature comes from the model KASPRO, and as 
discussed above, we have confidence that the outputs from KASPRO are adequately reliable.  
The vapour pressure is, in principle, knowable. The remaining residue is dependent on the 
initial deposition pattern, and the rate of dissipation and fixing of the PPP onto surfaces (as 
discussed below).  In this modelling study, these factors were kept constant between the two 
indoor scenarios, so uncertainty would be in the same direction for both. Finally, the process 
descriptions may represent a major source of uncertainty, as the various processes are 
considered within the model in a simplified way.  It would be ideal to have a data set on 
which to evaluate the suitability of the process descriptions of diffusion across a boundary 
layer and mixing within the bulk air of the structure.  Since these processes represent key 
distinctions between the two structures that were evaluated, then the influence of this 
uncertainty is currently hard to judge. 
Consensus PEARL was used to simulate volatilisation in the field. This model is a modified 
version of PEARL with improved routines for volatilisation. PEARL has been tested in a 
range of situations and is used extensively within the regulatory framework. The new 
volatilisation routines have been evaluated against various datasets. One problem with the 
parameterisation of Consensus PEARL was that rainfall data were not included in the Seville 
airport dataset. Dummy data were used instead. The values were chosen such that the soil was 
wet, but no rain fell on the day of application. The effect of rainfall on volatilisation is limited 
(wash-off from the plant and the effect of moisture on sorption were switched off in the 
model). 
The soil parameters for Consensus PEARL were taken from the FOCUS Seville scenario. The 
basis for the selection of the parameters influencing emissions to air was as follows: values 
for certain parameters were set to those used in the greenhouse emission model (e.g. the air 
diffusion coefficient, vapour pressure, thickness of the boundary layer), some were set to 
values that ensured maximum possible consistency between the two models (e.g. the 
dissipation and sorption parameters), others were based on the guidance given in the manual 
and example files for Seville provided with the model (e.g. the roughness length of the soil 
and plant).  
A third method was employed to calculate volatilisation rates. The empirical equation by Smit 
et al. gave expected levels of volatilisation between those calculated with PEARL and the 
greenhouse model. However, the equation is only based on vapour pressure and does not 
account for any effects of temperature or wind speed and other factors that cause a natural 
variation in volatilisation.  
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The fixing and dissipation of the PPP on soil and vegetation 
Level of uncertainty: high (though controlled in this study) 
Impact of uncertainty: medium 
The rate of degradation due to photolysis has little impact on airborne emissions calculated 
with the greenhouse emission model. However, the rate of uptake into soil and crop is 
significant. As time passes, the process of diffusion into the leaf or movement to deeper layers 
of soil will reduce the availability of PPP for volatilisation. In this modelling study, this effect 
was the same in the two protected crop scenarios, and thus the uncertainty should be in the 
same direction for both. However, it would be helpful to have an objective basis on which to 
evaluate the rate of these processes in practice. 
Fixing (uptake or absorption) by the soil and vegetation and dissipation are described in a 
different way in the model used for the field and greenhouse situation, but the parameters 
were adjusted such that there is a reasonable consistency between the two models.  
 
Analysis of key assumptions made in assessment of emissions by volatilisation 
The most significant assumptions are outlined below, along with the likely effect on the 
conclusions if these assumptions were altered. 
We only tested application in April. Temperatures in the structures and in the field will be 
higher later in the year and this will increase the emissions. The effect on the relative 
difference between emissions from the two structures and the field is difficult to predict. But 
exploratory modelling work suggested that the influence on application timing on the ranking 
of the scenarios will be limited. 
Application timing also influences interception. This will influence emissions because 
volatilisation can be very different from the plant and soil (the losses simulated with 
Consensus PEARL were almost exclusively from the plant, not the soil). As long as the 
change in interception is the same in the walk-in tunnel, multi-span greenhouse and field, a 
shift in the application timing is not expected to lead to a change in the conclusions. But it 
should be noted that interception is influenced by the row spacing, growth characteristics and 
application technique and differences in interception between the field and the structures are 
likely to occur. 
We assumed that all walk-in tunnels within the 1-ha area have the same emission as a free 
standing tunnel. This is not true as volatilisation and ventilation depend on wind speed and 
temperature and this is affected by adjacent tunnels. Average emissions from walk-in tunnels 
across a 1 ha plot could therefore be lower than the values presented here. 
We worked with weather data and greenhouse structures typical of the Southern European 
zone.  Further north, the emissions from both types of structure will be reduced, as ventilation 
is likely to be lower (due to lower external temperatures). It seems likely that the overall 
conclusions would be independent of the zone, but caution is required in extrapolating these 
results to other zones until this has been confirmed. 
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4.2. Emissions due to drift 
4.2.1. Drift from walk-in tunnel 
Currently, there is no model to simulate drift from semi-open structures like the walk-in 
tunnel. In this section an estimate is made for drift from such a walk-in tunnel, based on 
general physical processes such as sedimentation due to gravity and flow of drops in still air. 
From these processes, the droplet’s time of residence in greenhouse air is computed as a 
function of its size. The longer a drop remains airborne, the higher the probability it will be 
ventilated to the air outside.  
Calculations were performed only for the tomato crop. In a walk-in tunnel of length 100 m 
and width 2 m, applying PPP at a dose rate of 1500 L/ha, a total volume of 30 L of spray is 
required. The spray contains of a wide range of droplet sizes. Figure 42 shows the drop size 
distribution by volume for nozzle type XR8002 at a liquid pressure of 1000 kPa (10 bar). The 
volume median diameter (VMD) of this spray is 140 µm. This means that half the spray 
volume is contained in drops smaller than VMD. For this nozzle at the given pressure, droplet 
sizes range from less than 25 µm up to about 500 µm. 
Each droplet experiences a gravitational force proportional to its mass (or volume). While 
falling to the ground, the drop also experiences a resistant force due to air flow (created by its 
own falling velocity). Soon the drop reaches a constant downward velocity. This 
sedimentation velocity vsed is a function of droplet diameter (Holterman, 2003). It is assumed 
that the average release height h1 (0.8 m) of the drops equals half the tunnel height. The time 
it takes for drops to fall down (the sedimentation time tsed) equals h1/vsed (see Figure 43).  
Another time factor involves the travelling of drops from nozzle to crop. Drops are released at 
a pressure of 10 bar, which implies an initial velocity of 39 m/s for the nozzle type used. 
While travelling through air, the drops lose their high velocity rapidly due to air friction. To 
travel an assumed distance of 0.5 m from nozzle to crop, a time tdis will pass. Estimates of tdis 
are shown in Figure 43. Note that drops <100 µm cannot travel a (horizontal) distance of 
0.5 m: their tdis is infinite. 
The minimum of tsed and tdis is the time a drop is airborne in the walk-in tunnel. During this 
time the drops may leave the tunnel due to ventilation. Smaller drops remain airborne longer 
and therefore have a higher probability to be emitted to the air outside than larger drops. 
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Figure 42. Normalised volume distribution of spray from nozzle XR8002 at a pressure of 
1000 kPa.  
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Figure 43. Average time (tsed) that drops of different sizes remain airborne until 
gravitational sedimentation occurs as a function of drop size. The required time of drops 
to travel from nozzle to crop is shown as well (tdis). 
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From averaged concentration (per size class) of PPP in the tunnel, the time a drop is airborne 
and the ventilation rate, the emitted volume (or drift) is computed for that size class. The 
average ventilation rate of a walk-in tunnel with a tomato crop is 470 h-1, for April 15 at 7 pm 
in the years 1997-2009. This implies that on average every 7.7 s the tunnel air is completely 
refreshed. The ventilation rates were calculated assuming that wind is perpendicular to the 
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long side of the tunnel. Wind speed was taken from the weather data set for Seville airport. 
Figure 44 shows the drift per size class for this ventilation rate. For small drops (<75 µm) drift 
is limited by the amount applied (i.e. all drops of this size produced will be ventilated). With 
larger drops (>100 µm) the airborne time is governed by the travelling time tdis and almost no 
drift can occur for these drops. 
Figure 44. Emission of spray drops to air outside a walk-in tunnel due to ventilation per 
drop size class (solid line). Assumed ventilation rate: 470 h-1. Drop size class width: 
25 µm. Dashed line: total amount applied per size class. 
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The total amount of drift is computed by summing drift contributions for all size classes. So 
far only the tunnel at the downwind field edge was considered. Walk-in tunnels farther 
upwind will release the same amount of drops, yet these drops may (a) be deposited on the 
next tunnel, (b) enter this tunnel through the holes in the cover, or (c) pass over the next 
tunnel. Since the holes in the walk-in tunnel are relatively close to the ground (the side walls 
are rolled up to 50-cm height), the fraction of option (c) is probably very low except in windy 
conditions where the air current over the tunnel will pull the droplets upwards. Deposition of 
drops on the next structure or inside the next tunnel seems most probable. In that case, only 
the tunnel at the downwind edge of the field contributes to drift leaving the 1 ha area. 
Consequently, the drift leaving this 1 ha field, covered with 33 tunnels, is only a fraction 1/33 
of the drift from one tunnel. Figure 45 shows the total drift from a 1-ha area covered with 33 
walk-in tunnels growing tomato for each year (1997-2009). Averaging for these years yields 
an emission to the air from spray drift value of 0.63% relative to the total amount of PPP 
applied to the 1-ha area; standard deviation is 0.15%; the 90th percentile is 0.80%. The major 
factor causing the year by year variation is ventilation rate. This is no surprise as the amount 
of airborne drift is computed directly from ventilation rate. Note that ventilation rate is highly 
correlated to outdoor wind speed.  
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Figure 45. Estimated total amount of emission of spray drops to the air from 1 ha area 
of walk-in tunnels with a tomato crop, as a percentage of total amount applied, assuming 
that only the last tunnel contributes to spray drift. 
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4.2.2. Drift from field spraying 
Drift occurring while spraying an open field cultivated with a generic crop was simulated 
using the IDEFICS spray drift model. Date and time of spraying were April 15, 9-10 am. 
Seville climate data (outdoor temperature, relative humidity and wind speed) were used for 
the years 1997-2009. The wind speed in those climate data is measured at 10 m height, 
however, IDEFICS requires wind speed at a height of 2 m. If a logarithmic wind profile is 
assumed, the wind speed at 2 m can be derived from that at 10 m. 
Drift with field spraying consists of two parts: (a) spray droplets that are blown downwind are 
deposited on the ground and any intercepting vegetation or structures, (b) dried particles that 
may remain airborne for a long time. Although in practice part (a) causes the highest risk for 
edge-of-field contamination, the simulations indicated that the total amount of off-field 
deposited droplets is only a certain fraction of the total amount applied on a square field of 
100x100 m. Part (b) turned out to be the larger drift fraction under the warm climate 
conditions of Seville. Figure 46 shows the year-by-year values of spray deposited the first 5 m 
next to the sprayed field and the fraction still airborne at 5 m downwind. Ground deposits 
primarily consist of droplets, while the airborne fraction mainly consists of dried particles. On 
average spray deposits are 1.2 g or 0.12% of the total amount applied. Airborne drift is 4.0 g 
or 0.40% of the total amount applied. Note that in this project drift is defined as a mass 
fraction relative to the total mass of PPP applied. This differs from an often used convention 
(e.g. in classification of drift-sensitivity of nozzles) defining drift as the dosage deposited 
relative to the applied dosage. 
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For the comparison with drift from the walk-in tunnel, the sum of spray drift and vapour drift 
is relevant: 0.52% of the amount applied, with a standard deviation of 0.28%. The 90th 
percentile of drift is 0.92% of the total amount applied.  
The year by year variation in ground deposits is primarily due to variations in wind speed. 
The variation in airborne drift is related to wind speed, but also to air temperature and relative 
humidity. At relatively high temperature and low humidity the size of (small) airborne drops 
will rapidly decrease due to evaporation of the solvent (water), and consequently remain 
airborne much longer than under relatively cold and humid conditions. Therefore, variation in 
airborne drift is larger than that in ground deposits.  
Figure 46. Spray drift deposits (0-5 m downwind) and airborne drift (at 5 m downwind) 
as a percentage of total spray applied to a 1 ha open field. Seville weather data, years 
1997-2009. 
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The 90th percentile emission from the field (0.92%) is similar to that from the area covered 
with walk-in tunnels (0.80 assuming only one of 33 tunnels contributes). This seems to imply 
that covering the crop by a walk-in tunnel has no effect at all with respect to drift. Yet one 
should bear in mind that the nozzles used in the wind tunnel produce a very fine spray with a 
lot of small drift-prone drops. An often-used measure of sensitivity to drift is the volume 
fraction (V100) consisting of drops with diameter less than 100 µm (the smaller the fraction of 
small drops, the less drift). For the XR 8002 at 10 bar as used in the walk-in tunnel, V100 is 
27%; for the XR11004 at 3 bar as used in the open field, V100 is about 9%. On the other hand, 
ventilation rates from the walk-in tunnel are relatively high (e.g. compared to multi-span 
greenhouse), but even so the averaged wind speed inside the tunnel is still significantly lower 
than the wind speed in an open field. Considering these aspects, the walk-in tunnel does 
indeed limit drift compared to an open field, but apparently the differences in application 
technique cancel out such reductions completely. 
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4.2.3. Uncertainties with emission due to drift 
Modelling tools and parameterisation 
Level of uncertainty: medium 
Impact of uncertainty: high 
In comparing the emissions to air from drift, we have a 2-way comparison between a walk-in 
tunnel and an open field. To our knowledge, there is currently no model to simulate drift from 
a walk-in tunnel. An estimate of drift from a walk-in tunnel was thus made based on general 
physical processes. The methodology used is based on a wealth of experience in drift 
modelling and we are therefore confident that the approach used is scientifically sound. But, 
the estimate of drift from the tunnel was the first attempt to model such a scenario and the 
results are untested against the real situation on the ground.  
We can be much more confident about using the IDEFICS model for the open field situation, 
for which it was designed. The IDEFICS spray drift model describes the spray drift process 
for boom sprayers used in field crops using laws of physics (Holterman et al., 1997, 1998). It 
is a 3D random-walk model that calculates drift depending on crop and application technique 
using actual weather data. The model has been developed based on field datasets from the 
Central Zone. The physical processes are the same in the Southern Zone and the model was 
used without modification (with appropriate climatic conditions and method of spraying).  
 
For the open field, the key components of sensitivity relate to the droplet size distribution and 
the temperature at the time of spraying. For the walk-in tunnel, there are additional 
uncertainties, concerning the air movements within the tunnel, and the behaviour of droplets 
after exiting the tunnel. 
 
Droplet size distribution 
Level of uncertainty: low 
Impact of uncertainty: high 
The droplet size distribution has a large effect on spray drift, and thus it is important to know 
this distribution in detail.  Nozzles are routinely tested for droplet size, and therefore there is a 
good database of nozzle types, working pressures and the droplet spectra that are produced.  
Therefore we can be confident that the droplet size distributions used in the modelling are 
realistic. However there is known to be an effect of the formulated product on the droplet 
sizes produced by the nozzle. This is less well characterised. 
 
Application technique 
Level of uncertainty: medium 
Impact of uncertainty: medium 
The application technique used to treat the open field or protected crops will have an impact 
on the amount of drift emitted. The effect of nozzle type is considered in the uncertainty of 
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droplet size, but there are also other factors such as variation in the release height and 
direction, particularly with hand held application techniques. There are also factors such as 
boom stability and forward speed of the sprayer in the open field, use of air assistance etc. 
which will vary between fields or greenhouses. The scenarios chosen for this report do not 
include application techniques such as fogging/misting for greenhouses or orchard or vine air-
blast sprayers for outdoor crops.   
 
Temperature and relative humidity at time of spraying 
Level of uncertainty: low 
Impact of uncertainty: medium 
The temperature and relative humidity will affect the rate of evaporation of the droplets in the 
field, and thus the time that each droplet may remain airborne by increasing sedimentation 
time. Variability in the conditions is considered by using a multi-year simulation period. 
Direct effects of temperature and relative humidity on drift from the walk-in tunnel are 
considered to be small because evaporation of droplets is of minor importance for drift from 
small structures. The indirect effect of temperature and relative humidity on drift was 
accounted for in the simulation of the ventilation rates with KASPRO. 
 
Air movements within the tunnel 
Level of uncertainty: high 
Impact of uncertainty: high 
The air movements have been approximated using ventilation rates from the KASPRO model.  
While the overall ventilation rates can be considered fairly robust, there is uncertainty over 
which parcels of air are replaced by new air entering.  The easiest simplification is to assume 
a uniformly mixed reservoir, and this is what was done in this case.  However, it may be that 
there are ‘rapids’ and ‘eddies’. Any droplets in the rapids would exit the tunnel quickly, while 
those caught in eddies would probably deposit before exiting.  How these two effects would 
affect drift from a walk-in tunnel cannot be predicted at this time.  In order to confidently use 
the present approach to predict drift from covered structures, it is important to clarify this 
point. 
 
Behaviour of droplets after exiting the tunnel 
Level of uncertainty: high 
Impact of uncertainty: high 
In the evaluation of the field scenario, the results are broken down into the amount deposited 
within 5 m and the amount still airborne after 5 m.  The sum of these two amounts is in the 
range of 0.2-1.2% of the total applied over 1 ha (Figure 46). In the evaluation of the walk-in 
tunnel, the drift is in the range of 10-28% of the total applied to the tunnel. However, the 
results are not directly comparable, because it is not clear to what extent the drift from every 
tunnel on a 1 ha plot will contribute to an emission from the plot.  If we assume that there are 
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33 tunnels on 1 ha, and that only the tunnel on the leeward edge of the field will contribute to 
emission, then the overall emission from the plot will be in the range of 0.3-0.9%, strikingly 
similar to the result for the open field (Figure 45). The behaviour of droplets outside the 
tunnel is thus critical in determining the overall emission.  We simply do not know what will 
happen in practice, and this should be clarified. Further data or modelling are required to 
determine the effect of the air current over the tunnels and how this affects the behaviour of 
droplets emitted from tunnels, and the ability of them to be carried beyond the boundary of a 
1 ha plot. The wind direction relative to the walk in tunnel will also have an effect on drift. 
This was assumed to be perpendicular to the tunnel/field in this study.  
 
Topography 
Level of uncertainty: low 
Impact of uncertainty: medium 
The topography of the area for both the open field or protected crops will affect the airflow 
over the area, and therefore the distance travelled by droplets emitted from the treated area. 
The modelling has been done assuming a level area, and slope has not been taken into 
account. 
 
Analysis of key assumptions made in assessment of emissions by drift 
As for the assessment of volatilisation, we tested application only in April.  Application at 
warmer times of the year will probably enhance drift losses from the walk-in tunnel, as the 
droplets will evaporate more quickly.  The same will be true for drift losses from the field, so 
the overall conclusion will probably not be affected.  The relationship between deposition of 
residues and airborne residues from the drift losses was evaluated for the field: the largest 
portion was the airborne residue.  This relationship will be even more extreme for warmer 
times of year. 
It was assumed that the spray in the walk-in tunnel is directed horizontally at the crop, which 
is typical for tomatoes. The results cannot be extrapolated to short crops where the spray is 
directed downwards. The release height for the droplets was set to 80 cm, half the height of 
the walk-in tunnel. In taller structures, the release height for tomato is likely to be higher.  
Therefore we might expect the drift from applications to tomatoes to be higher than presented 
here. 
We have assumed that the spray nozzles used in the greenhouse increase the potential for drift 
relative to the field situation. Depending on the actual selections made by the grower, 
emissions from the field could in reality be higher or lower than from a 1-ha area covered 
with walk-in tunnels  
The results that we have generated are relevant for the Southern zone. This zone probably 
represents a worst-case for drift. Further north, lower temperatures would probably lead to 
slower evaporation of droplets and therefore reduced drift.  Ventilation rates are likely to be 
lower in northern zones (due to lower external temperatures), again reducing drift.  However, 
the typical application systems (nozzles, pressures, sprayer types) will vary from zone to 
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zone, and these differences may outweigh the effect of temperature.  This should be borne in 
mind in any attempt to extrapolate these results to other zones of Europe. 
 
4.3. Conclusions 
The results from this study show that emissions of PPP vapour from covered crops can be 
significant. The driving factors are the rates of ventilation (influenced by the climate, type of 
structure, cropping and management) and volatilisation (influenced by the properties of the 
compound, application timing and climate).  
Although only two PPPs were simulated, with completely different vapour pressures, it is 
clear that vapour pressure is a major factor in the ventilation of PPP to air. Considering the 
processes that fix PPPs on the surfaces of crop, soil and cover, the results showed that the 
process of uptake was far more important in the greenhouse emission modelling than that of 
degradation. Differences in the DT50 values used in the simulations, inhibition of degradation 
during night and the decrease of radiation levels inside the crop canopy and on the soil below 
are the main reasons to explain the difference between uptake and degradation. The amount of 
spray degrading on the greenhouse cover is very small. This is primarily due to the fact that 
the spray application is directed towards the crop and soil below. The model assumed that no 
direct deposition occurred onto the cover during the application. 
The differences between the structures tested - a multi-span greenhouse and walk-in tunnel - 
are surprisingly small (Table 28). Whereas with the multi-span greenhouse the ventilation rate 
determines the fraction of PPP emitted, with the walk-in tunnel the rate of volatilisation is the 
limiting factor in the process.  
Table 28. Summary of emissions to air due to ventilation from a multi-span greenhouse 
and walk-in tunnel. Drift from walk-in tunnel and open field. All figures correspond to 
90th percentile values, given as percentage of the total amount of PPP1 applied to a 1 ha 
field. 
 Emission to air [% of applied] Drift [% of applied] 
Multi-span, tomato 30 n/a 
Multi-span, lettuce 32 n/a 
Walk-in, tomato 34 0.801 
Walk-in, lettuce 34 n/a 
Open field 7.4 0.92 
1
 based on the assumption that only one tunnel contributes to drift leaving a 1-ha area 
The calculated emissions via volatilisation are considerably smaller in the field than for the 
covered structures (Table 28). This could not be fully explained by differences in 
temperatures and ventilation/wind speed. Conceptual differences between the two modelling 
approaches contributed to the discrepancy in the results. The data presented here can thus not 
be taken as absolute values. However, it can be said with reasonable confidence that 
emissions from covered structures via volatilisation are not necessarily smaller than in the 
field. Although the cover largely prevents losses to the air in a tightly closed greenhouse, 
ventilation rates are often high in practice and air exchanges occur frequently. Volatilisation is 
likely to be enhanced in the covered structure due to the warmer climate.  
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It should be noted that the emissions to air via volatilisation cannot easily be compared with 
those reported by the FOCUS working group on air (FOCUS, 2008). The structures referred 
to by FOCUS differ are less open than those simulated in this project. 
Drift from a 1-ha area covered with walk-in tunnels was calculated to be similar to drift from 
a 1-ha field. However, the results for the walk-in tunnel are uncertain because (i) there is no 
model available to calculate drift from these types of structures and only an approximation 
could be undertaken in this project, (ii) it is not known how many tunnels contribute to drift, 
and (iii) drift depends on the actual type of nozzle and application technique used. 
 
5. RESULTS AND DISCUSSION ON EMISSIONS TO GROUNDWATER 
5.1. Water balance and temperature 
The water balances for the groundwater simulations with SWAP and PEARL are shown in 
Figure 47 for the 20-year simulation period. As expected, there is a large variation in the 
amount of rainfall in the field between the different years. This results in a large variation of 
the amount of water that is percolating to depth within each year. Percolation to a depth of 1 
meter is normally used as an indication for percolation to groundwater, as recommended by 
the FOCUS GW guidance. Figure 47 shows that percolation in the field ranged from 
approximately 140 mm/year in dry years to 620 mm/year in wet years.  
The amount of irrigation in the Venlo greenhouse in the Netherlands was adjusted to exceed 
the water consumption by the chrysanthemum or lettuce plants by either 15% or 50%. Figure 
47 shows the water balances for both scenarios. Irrigation was reasonably constant over the 
20-year simulation period, with small increases during warm summers to account for the 
increase in evapotranspiration. The amount of percolation from the greenhouse is therefore 
also fairly constant between the different years. As expected, percolation is larger for the 
scenarios with 50% excess irrigation than for those with 15% excess. 
Figure 48 shows the daily percolation from the field and from the greenhouse scenarios 
during one year. In the field, most percolation occurs during the autumn and winter months, 
while in the greenhouse simulations the amount of percolation is slightly increased during the 
summer months.   
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Figure 47. Annual rainfall or irrigation, evapotranspiration and percolation of water 
below 1-meter depth in the simulations for emissions to groundwater from field and soil-
bound greenhouse cultivation 
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Figure 48. Daily percolation from the field and from the greenhouse scenarios. Data 
from 2005 are shown as an example.  
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Figure 49 shows the annual average temperatures in the field and in the greenhouse scenarios. 
The temperature in the greenhouse was significantly higher than the average annual 
temperature in the field. The daily fluctuations of the outside temperature are shown in Figure 
50 together with the indoor temperature for the chrysanthemum scenario.  
Figure 49. Annual average temperatures in each year for the field scenario and for the 
greenhouse scenarios with lettuce or chrysanthemum  
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Figure 50. Daily temperatures in the field and greenhouse with chrysanthemum in 2005 
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5.2. Concentrations in leachate 
Following standard procedures, the concentrations leaching to 1-meter depth were used to 
estimate the potential concentrations in groundwater (FOCUS, 2000). Daily concentrations of 
are reported by PEARL as well as annual average concentrations (averaged based on 
percolate volumes). Figure 51 shows the annual average concentrations of a substance with a 
DT50 value of 100 days and a Kom value of 116 L kg-1in groundwater for the field and for the 
four greenhouse scenarios. The concentrations in leachate are much larger for the field than 
for the greenhouse scenarios.  
Figure 51. Average substance concentration leached to groundwater in each year from 
the field and the four greenhouse scenarios (note difference in scales) 
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The 80th percentile of the average annual concentrations in leachate is commonly used in the 
risk assessment for exposure to groundwater (FOCUS, 2000). Figure 52 shows the 80th 
percentile concentrations for the field in comparison with the greenhouse scenarios for 
chrysanthemum and lettuce. The 80th percentile concentrations for the greenhouse scenarios 
are at least 45 times smaller than the concentration in the field. Cultivation of lettuce resulted 
in larger concentrations than chrysanthemum. The larger irrigation excess gave larger 
concentrations in leachate. 
Figure 52. 80th percentile concentrations in leachate to groundwater for the field 
scenario and the greenhouse scenarios for chrysanthemum and lettuce 
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5.3. Matrix simulations for a range of substance properties and application dates 
The simulations for groundwater were repeated for a range of substance properties. Table 29 
shows the properties that were varied: Six different values for the degradation half-life in soil 
(DT50), six values for the sorption coefficient in soil (Kom), and 3 dates on which the PPP was 
applied to the crop were considered, giving a total of 6 × 6 × 3 = 108 simulations.  
Table 29 Substance properties used in the matrix simulations for emissions to 
groundwater 
DT50 (days) Kom (L kg-1) Application date 
10 10 30-Apr 
20 20 10-Jun 
60 35 1-Aug 
100 60  
150 116  
200 200  
 
The matrix simulations with various substance properties and application dates were 
performed for the field scenario and for the greenhouse scenario with lettuce and 50% excess 
irrigation. The latter was selected because this scenario gave the largest concentrations out of 
the four greenhouse scenarios.  
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Figure 53 shows the 80th percentile concentrations from the lettuce scenario plotted against 
those from the field. The average annual mass lost to groundwater is also presented. The 
dotted 1:1 line indicates exact agreement between greenhouse and field. The 80th percentile 
concentrations and mass leached from the greenhouse scenario were in all cases smaller than 
those from the field scenario.  
The fact that concentrations in the leachate from the greenhouse scenarios are smaller than for 
the field is most likely explained by the increased temperature in the greenhouse compared to 
the outside temperature in the field. Degradation of the substances in soil is faster at higher 
temperatures and therefore a larger part of the substance is lost from the soil by degradation in 
the greenhouse scenarios.  
The difference between the greenhouse and field crop was larger for the later application date. 
Emissions to groundwater from indoor lettuce decrease in the order 30 April > 1 June > 1 
August. This is probably because the volumes of percolation are smaller in the winter than the 
summer (Figure 48) and a larger number of high volume irrigation events occurs. The 
opposite is true for the field, here the emissions are the greater the later the application date. 
This is expected because the volumes of leaching in the field are larger in autumn/winter 
(Figure 48) and temperature is lower (Figure 50) and. 
Figure 53. 80th percentile concentrations (left) and annual mass lost (right) for a range of 
substance properties and application dates. Results from the indoor lettuce scenario 
(50% excess) are plotted against the results from the field. The dotted line indicates 
exact agreement between the greenhouse and field 
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5.4. Uncertainties with emissions to ground water due to leaching 
Modelling tools and parameterisation 
Level of uncertainty: low 
Impact of uncertainty: high 
As stated before, the use of models and their parameterisation always carry a degree of 
uncertainty. Three models were used in the simulations of emissions to groundwater. Indoor 
climate was simulated with KASPRO, the volume of irrigation given to the crop and the 
amount of water available for leaching to depth was calculated with WATERSTROMEN. 
Both KASPRO and WATERSTROMEN were developed for the conditions that we simulated 
in this project. The model concepts and the parameterisation are thus considered to be robust. 
WATERSTROMEN does not include a soil component and it was, therefore, not possible to 
calculate the percolation through the soil directly with this model. The output from 
WATERSTROMEN was used within SWAP/PEARL to simulate the movement of water and 
PPP through the soil profile, together with the climate data from KASPRO.  
SWAP/PEARL are widely accepted tools for simulating PPP leaching to depth in the 
regulatory context. The parameterisation was largely taken from the FOCUS scenario 
Hamburg. Only very few parameters were calibrated to ensure the consistency between 
WATERSTROMEN and SWAP/PEARL.  
The key areas of uncertainty with leaching due to chromatographic flow are the properties of 
the substance, the dose of the pesticide into or onto the soil and the transport of the pesticide 
through the soil towards groundwater. 
 
The properties of the substance 
Level of uncertainty:  medium (mainly due to the effect of soil properties) 
Impact of uncertainty: medium 
It is well known that substances with long dissipation half-times or low sorption potential are 
the most likely to leach to ground water.  For all situations that were tested, the leaching in the 
field scenario was greater than the leaching in the greenhouse scenario.   
The sorption and degradation of substances is a key component of the environmental data 
package for pesticides.  Therefore, these values are, in principle, knowable. However, there 
may be systematic differences between the soils in the field and greenhouse which we have 
not taken into account.  For example, it is plausible that field soils have lower organic carbon 
contents than greenhouse soils, because soils are often amended with organic matter in the 
greenhouse. This would lead to an even greater differential between the scenarios than 
presented here. The opposite may be true where artificial substrates or sand is used although 
these are usually amended with organic compost. It should also be noted that the higher 
temperatures in the greenhouse could lead to a decline in organic carbon contents if no 
amendment is made.   
Sterilisation practices could lead to slower degradation in greenhouse soils than field soils.  
This would result in a reduction in the difference between the two scenarios. It could also be 
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argues that degradation is faster after sterilisation because the remaining soil microorganisms 
thrive on the additional nutrients provided by the dead biomass.  
To reduce the uncertainty inherent in the assessment undertaken here, additional studies will 
be required, in order to determine whether these effects have any impact in practice.  
However, the differences in leaching between field and greenhouse soils are quite large such 
that that it is unlikely to change the overall conclusions. 
 
The dose of the pesticide into or onto the soil 
Level of uncertainty: low 
Impact of uncertainty: low 
The dose onto the soil is governed by the application rate, the application technique and the 
interception of the pesticide by vegetation.  The main route of entry of pesticide into the soil 
is direct application.  Other routes, such as uncontrolled condensation from the roof, are 
smaller by comparison. 
With pesticides that are applied directly to the soil (for example drip irrigation, soil injection 
or soil incorporation), 100% of the pesticide will reach the soil.  For sprays, the proportion 
reaching the soil will be much lower (maybe as low as 10% of the applied dose, depending on 
the vegetation). Since there are differences between plant density and application techniques 
in field and greenhouse (volume sprayed, application equipment used), this may have an 
impact on the conclusions drawn in this report.   
The fraction of the pesticide that is lost by volatilisation could be quite high in a greenhouse 
for some pesticides and this amount is not immediately available for leaching to depth. Our 
tentative conclusions indicate that volatilisation could be higher from greenhouses than from 
open fields. In this case, the differential between the scenarios would be greater than 
presented here. There is still some uncertainty around the values, but a worst-case scenario for 
leaching for the greenhouse would be that the volatilisation losses will be the same as for the 
field. The effect of volatilisation is not likely to affect the ultimate conclusion from the results 
presented here. 
 
Transport of the pesticide through the soil 
Level of uncertainty: high (mainly concerning uniformity of water flow) 
Impact of uncertainty: low (total excess water) or high (uniformity of water flow) 
The transport of the pesticide through the soil is controlled by both the total excess water and 
the pattern of water movement in the soil. 
The excess of water that is supplied is water that is not used by the crop.  This excess will 
eventually become percolation, and may carry pesticide with it towards groundwater.  Under 
open-field conditions, this balance is governed by the weather and the nature of the crop.  In 
closed conditions, this balance is manipulated by the grower.  There will always be some 
excess water, to avoid salts building up in the soil amongst other reasons. We might assume 
that it is at least 15%. The upper bound is hard to judge: in this study we assumed a 50% 
excess, but some growers might conceivably use more. We determined that the difference 
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between the 15% excess and the 50% excess was considerable. But even the larger level of 
excess resulted in concentrations that were much smaller than in the field, and so this element 
of uncertainty is probably not important. 
The pattern of water flow is important because the amount that may leach to groundwater 
depends on the coincidence of pesticide in the soil and water moving through the soil. Only 
one type of irrigation scheduling and intensities was considered in this project. In protected 
crops, there may be situations in which the vertical movement of water is not uniform across 
the area.  Examples include the use of drip irrigation or irrigation that causes localised 
ponding. The effect of such localised water movement is to enhance the movement of 
pesticide within the zone where water is moving. As noted in the document “Emissions by 
other routes than air” (Van der Linden, 2009), and drawing on research dating back to 1985, 
uneven distribution of irrigation water has a dramatic effect on the amount of leaching. 
The extent of the enhancement of the water flow is not clear, but we could reasonably expect 
it to be by a factor of 4 (if all the water flows through ¼ of the soil).  The extent of the 
enhancement of solute transport could be much higher (e.g. an additional factor of 5 on top of 
the water flow factor). 
If water movement is not uniform, then the distribution of the pesticide becomes important.  If 
pesticide is distributed evenly (e.g. when applied as spray), then only a fraction will be 
accessible to the water.  However, if the application is specifically made in the areas of water 
movement (e.g. drip irrigation) then the entire amount will be available for movement.  Such 
an increase in water flow might lead to a substantially higher increase in leaching 
concentrations from greenhouses, but the extent of the increase in leaching concentration is 
not confirmed. 
 
Additional assumptions used in the assessment of leaching 
The main assumptions that were used in this modelling study are similar to the assumptions 
used in regulatory use of models for the assessment of leaching.  The soil, weather and crop 
parameters are all taken within reasonable bounds.  However, the results are only directly 
relevant to the central European zone. In the northern zone, the field results might be expected 
to give higher leaching concentrations (colder temperatures, higher percolation). The indoor 
temperature and irrigation excess in the greenhouse are governed to a much lesser extent by 
the external climate, and so the emissions are less dependent on the weather. Overall, in the 
central or northern zones, the conclusions from this work are probably valid. For the southern 
zone, it is not clear. The difference in temperatures between the field and greenhouse is 
probably smaller in the southern zone, than in the scenarios used here for the central zone and 
this would reduce the difference in emissions. But the other important factor is percolation. 
Both field crops and greenhouse crops are irrigated in southern Europe. It is, therefore, very 
difficult to tell whether or not the conclusions for the Central can be extrapolated to the 
Southern zone without undertaking additional simulations.  
The Venlo greenhouse simulated here was assumed to be ventilated and heated, but no 
cooling or shading was considered. Temperatures in the greenhouse will be lower where 
cooling and shading is possible. This will increase emissions from the greenhouse and reduce 
the difference between greenhouse and the field to some extent. 
 Emissions of PPP from protected crops 
 
 
98 
The present document has been produced and adopted by the bodies identified above as author(s). This task has been 
carried out exclusively by the author(s) in the context of a contract between the European Food Safety Authority and the 
author(s), awarded following a tender procedure. The present document is published complying with the transparency 
principle to which the European Food Safety Authority is subject. It may not be considered as an output adopted by EFSA. 
EFSA reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present 
document, without prejudice to the rights of the authors. 
 
Greenhouses are often divided into sections where there is a continuous planting and 
harvesting each week. This means that all growing stages are present in the greenhouse at one 
moment. If an application is only made to one particular growth stage, then it is possible that 
only one section of the greenhouse is treated at any one time. In this project, the entire 
greenhouse area is assumed to be planted with the same crop and treated at the same time in 
order to simplify the modelling and the interpretation of the results. This simplification is 
unlikely to be of concern because, in practice, PPP applications in greenhouses are made at 
frequent intervals throughout the crop development.  
Only a single generic type of crop was considered in the field with two growing seasons per 
year whereas a lettuce or chrysanthemum crop were grown almost continuously in the 
greenhouse. Although the parameterisation of the field crop is somewhat arbitrary, this is 
unlikely to affect the overall conclusion.  
 
5.5. Conclusions 
The results from the model simulations demonstrate that emissions of PPPs to groundwater 
can be significant for protected crops. The key drivers that lead to differences between 
protected and field crops for each individual compound are the volumes of leaching 
(influenced by the type of crop, length of cropping period and irrigation regime) and the 
temperature (influenced by the type of crop and the growing strategy, the structure and its 
control systems and the outside climate).  
Based on the simulation results, the exposure of groundwater to PPPs used in protected crops 
is not expected to exceed that from use in the field. Even though large amounts of irrigation 
are applied in the greenhouse, the annual amount of water percolating to depth is similar to 
the field. Degradation of the substance in soil is expected to be faster in the greenhouse soils 
than in the field soils due to the higher indoor temperatures. However, the uncertainties 
discussed above should not be overlooked. There could be situations where the cultivation of 
a covered crop leads to larger emissions than the field situation. Additional model simulations 
and ideally also experimental studies are needed to test the range of conditions under which 
our conclusions are valid.  
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6. RESULTS AND DISCUSSION ON EMISSIONS TO SURFACE WATER IN SOIL-
BOUND CULTIVATION  
6.1. Volumes of drainflow 
Losses of PPP to surface water as a result of subsoil drainage and condensation were 
considered. Movement of water and PPP to drains in the greenhouse and field was simulated 
with PEARL for a drained soil in the Netherlands. Simulations were undertaken for 15 years 
plus a 5-year warm-up period. In the greenhouse, lettuce or chrysanthemums were grown with 
an irrigation excess of 15 and 50%. The field crop was a single generic crop.  
Drainflow and associated losses of PPP are strongly driven by the intensity of rainfall, 
particularly in macroporous soils. The duration of each daily rainfall or irrigation event are 
used by the PEARL drainage model in order to account for this effect. Total daily volumes of 
rainfall and intensities differ strongly between the field and the irrigated crops. In the field, 
volumes and intensities are very variable (Figure 54). The intensity in the greenhouse 
(26 mm h-1) was very high although each event lasted less than an hour. The volumes of 
irrigation water given on any day were either 10, 15 or 20 mm depending on the crop demand. 
Higher daily volumes were observed frequently in the field.    
Figure 54. Intensity of rainfall (mm h-1, averaged over each day) and daily volumes of 
rainfall in the field 
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The total volume of water that is potentially available for movement to drains can be 
calculated as rainfall / irrigation minus evapotranspiration. The resulting water balance is 
shown in Figure 55. The available water is relatively constant in the greenhouse whereas a 
strong year-to year variation is apparent in the field. Nonetheless, the total volumes of 
drainflow over the 15-year simulation period were similar for the field and greenhouse crops. 
There is only a small effect of the irrigation excess on total annual drainage. Volumes of 
drainage were very similar for the two greenhouse crops.  
The similarity between the drainflow in the field and greenhouse can be explained by the fact 
that drainage simulated with PEARL is strongly driven by the hydraulic head of the 
groundwater table. The model reads the head from a daily input file. The same input was used 
for the greenhouse and field. The level of the drains was set at 90 cm, indicated as a solid line 
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in Figure 56. The model simulates less drainage in years when the groundwater levels are 
lower.   
Figure 55. Rainfall/irrigation minus evapotranspiration and volumes of drainflow for 
field and lettuce with 15 and 50% irrigation excess 
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Figure 56. Daily hydraulic head of the groundwater table in the field and greenhouse 
(the solid line indicates the level of the drainage system) 
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Daily volumes of drainflow for the field situation and lettuce with an irrigation excess of 50% 
are shown in Figure 57. The model simulates movement of water through the soil matrix and 
preferential flow through macropores. Drainage arising from these pathways is shown 
separately, micropore flow on the left, macropore flow on the right. Note the difference in 
scales.  
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Figure 57. Daily volumes of drainflow in the field and lettuce with 15 and 50% irrigation 
excess arising from micropore and macropore flow 
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The pattern of daily drainage from the micropores is similar for the field and lettuce crop, but 
the peak volumes are smaller for the greenhouse crop. The pattern of macropore flow into the 
drains arising from natural rainfall in the field differs considerably from that for the irrigated 
greenhouse crop.  
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6.2. Volumes of condensation 
Volumes of condensation were calculated for five of the 15 years for the two crops (Table 
30). The results are independent of the irrigation excess. The total volumes in the five years 
are very similar. There is less condensation for the lettuce crop than for chrysanthemum 
because the temperature setpoint is lower. Therefore, the windows are opened earlier and the 
relative humidity exceeds the level where condensation occurs less frequently.  
 
Table 30. Total annual volumes of condensation (mm) simulated with 
WATERSTROMEN for 5 years and two crops in soil-bound cultivation  
Year Lettuce Chrysanthemum 
1990 89 134 
1997 90 137 
1998 84 132 
1999 88 135 
2009 90 136 
 
Daily volumes of condensation are shown in Figure 58 for the year 2009. Condensation is 
smaller in the summer than in the winter. In winter, temperatures are much lower outside than 
inside and the dewpoint temperature is reached earlier inside the greenhouse. In summer, 
more ventilation occurs and the relative humidity is lower than in winter, therefore less water 
condenses on the greenhouse walls. 
Figure 58. Daily volumes of condensation (mm) simulated with WATERSTROMEN for 
the year 2009 
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6.3. Emissions of PPP arising from drainage 
Simulations were undertaken with PEARL for all four greenhouse scenarios and the field 
situation for a PPP with a DT50 of 100 days and a Kom value of 116 L/kg, applied at 1 kg/ha 
on 30 April. The total mass lost in drainflow in each of the 15 years is shown in Figure 59.  
Figure 59. Annual mass lost in drainflow (% of applied) for each of the 15 years 
simulated for the field and greenhouse crops 
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The annual mass lost is always greater for the field scenario than for the greenhouse crops. 
Lettuce cultivation gives larger emissions than chrysanthemum. The larger irrigation excess 
leads to slightly larger losses. 
Additional simulations were undertaken for lettuce with 50% irrigation excess and for outdoor 
conditions to evaluate whether the observed difference between the covered crop and the field 
is consistent for various compounds. The effect of the application date on the results was also 
investigated. The DT50 values, Kom values and application dates tested are the same as for the 
groundwater evaluations (Table 29). 
The average mass lost in drainflow over the 15-year period for lettuce is compared with that 
for the field situation in Figure 60.  
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Figure 60. Average annual mass lost in drainflow for lettuce with 50% irrigation excess 
plotted against that for the field situation for 108 combinations of DT50 values, Kom 
values and application dates (the dotted line indicates exact agreement between 
greenhouse and field) 
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The field situation led to greater emissions in 76% of the 108 combinations tested (symbols to 
the right of the 1:1 line). Greenhouse cultivation of lettuce led to larger losses in 24% of the 
108 cases (symbols to the left of the 1:1 line). The losses for these cases are generally smaller 
than 0.1% of the applied amount (Figure 60). 
The losses from lettuce were divided by the losses from the field. The resulting ratios are 
plotted against the tested DT50 values and Kom values in Figure 61 (ratios > 1 = larger losses 
from lettuce). 
Figure 61. Ratios of average annual losses for lettuce : field plotted against the DT50 
value and Kom values tested in the simulations.  
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Losses from the lettuce crop were up to 2.5 times larger than those for the field crop. There is 
no consistent relationship between the ratios and the Kom values. Ratios smaller than 1 were 
observed for compounds with longer half-lives. The temperature in the greenhouse is higher 
than in the field (Figure 49) and this enhances degradation. It is likely that the effect of 
temperature on the total annual emission is dominant for compounds with longer half-lives. 
For these substances, smaller losses in drainflow are simulated for lettuce than in the field. 
For compounds with shorter DT50 values, the total annual mass lost is strongly dependent on 
the movement to drainage systems soon after application. These losses are mainly controlled 
by the volume, intensity and timing of irrigation relative to application. The differences 
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between the irrigation patterns for the lettuce crop and rainfall in the field can lead to larger 
losses from the greenhouse crop. But, as mentioned above, in these cases, the losses are 
smaller than 0.1% of applied. 
Concentrations in a ditch adjacent to the treated field arising from losses in drainflow were 
also calculated with PEARL. Figure 65 shows daily concentrations in the ditch of a 
compound with a DT50 value of 100 days and a Kom value of 116 L/kg over the 15-year 
simulation period for the field and for lettuce with 50% irrigation excess. The peak 
concentrations in the ditch are smaller for the greenhouse crop than for the field situation. 
Figure 62. Daily concentrations in the ditch arising from losses in drainflow after PPP 
application in the field and to lettuce with 50% irrigation excess  
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PEARL reports maximum concentrations in the ditch for each of the 15 years simulated. The 
90th percentile of the annual maxima was calculated from the PEARL output as the average of 
the 13th largest and 14th largest value. The results are plotted in Figure 63 for the 108 
combinations of PPP properties and application dates.  
Figure 63. 90th percentile annual maximum ditch concentrations for lettuce with 50% 
irrigation excess plotted against those for the field situation for 108 combinations of 
DT50 values, Kom values and application dates (the dotted line indicates exact agreement 
between greenhouse and field) 
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The simulated 90th percentile annual maximum concentration in the ditch is larger for the field 
situation for 85% of the 108 combinations tested (symbols to the right of the 1:1 line). The 
covered lettuce crop scenario gave larger ditch concentrations in 15% of the cases, these were 
again associated with short half-lives. The 90th percentile concentrations are <0.5 µg L-1 for 
all of these instances (Figure 63). 
 
6.4. Emissions of PPP arising from condensation 
Potential emissions to surface water from the two protected crops arising from deposition of 
PPP on the walls of the Venlo greenhouse and the subsequent wash-off in condensation water 
were calculated for the year 2009.  
The model by Van der Linden (2009) calculated the volatilisation of the sprayed PPP and its 
partitioning into a thin condensation layer that is conceptualised by the model (this has a 
volume of 0.052 L water per m2 greenhouse area). The loss in condensation in each time step 
of the simulation was then calculated by the model from the concentration in this layer and 
the actual volume of condensation water. The actual volumes were taken from 
WATERSTROMEN.  
The daily mass lost in condensation for lettuce and chrysanthemum is shown in Figure 64.  
Figure 64. Actual daily (left) and cumulative (right) mass of PPP lost from the 
greenhouse in condensation water calculated with the model by Van der Linden (2009) 
for soil-bound cultivation of lettuce and chrysanthemum and the year 2009  
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The large peak on the day of application is the result of the initial emission to air. This is a 
model parameter specified by the user. It was set to 3% of the applied amount in these 
simulations. The cumulative mass lost over the 350-day simulation period also shown in 
Figure 64. A total of 10.1% and 12.3% of the applied amount was simulated to be lost in 
condensation from a lettuce and chrysanthemum crop, respectively. This mass leaves the 
greenhouse in condensation water. It could potentially be discharged directly to surface water, 
but usually the water is stored before discharge and the mass of PPP is then reduced by 
degradation in the storage tank. The condensation water may also seep into the soil where the 
PPP is sorbed and degraded. There is thus a substantial attenuation before the PPP can enter 
the surface water.  
 
6.5. Uncertainties with emissions to surface water in soil-bound systems arising from 
drainage 
Most of the uncertainties are identical to those identified for pesticide leaching to ground 
water. A new version of PEARL has been used for the simulations of losses in drainage. The 
parameterisation was largely based on an experimental study. The parameters driving 
macropore flow were taken from pedotransfer functions. Although we are reasonably 
confident that the parameterisation is robust, some uncertainty remains. It should also be kept 
in mind that only a single soil was simulated. The differences between the emissions from the 
field and greenhouse that we calculated for this soil cannot be directly extrapolated to soils 
with more or less macropore flow.  
 
There is an additional uncertainty relating to the timing of pesticide application, in relation to 
the timing of drain flow events. 
 
Timing of pesticide application in relation to drain flow 
Level of uncertainty: high (for field) low (for greenhouse) 
Impact of uncertainty: low 
In the open field situation, the timing of drain flow events is variable, and in some years there 
is no macropore flow to drains.  This has been considered implicitly in the results by running 
a multi-year simulation. In the greenhouse, irrigation happens frequently, and macropore flow 
to drains happens to some extent every year. In the analysis of timing that has been 
conducted, the effect of timing was found to have an effect on the emissions, but no impact on 
the overall conclusions. 
 
Additional assumptions used in the assessment of drain flow 
In addition to the assumptions listed for the assessment of leaching, there are assumptions 
relating to the drainage system and ditch concentration. 
The drains were assumed to be located at 90 cm depth and 4 m apart. The same assumptions 
were made for the field and greenhouse. In reality, the drains are likely to be deeper in the 
field than in the greenhouse and the spacing is wider. Whilst the simulations are not very 
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sensitive to changes in the drain spacing, the drain depth could influence the ranking of the 
scenarios. 
The hydraulic head of the groundwater table is an important driver of losses of PPP via 
drainflow. This was taken from measurements at a location in the Netherlands. Each daily 
measurement was lowered by 8 cm to be consistent with the chosen drain depth. The 
groundwater table varies within the central zone and the selection of only a single dataset 
adds to the uncertainties. The year-to-year variation in the groundwater head was taken into 
account by simulating 15-years.  
The risk associated with emissions to surface water will be related to the concentration in a 
surface water body.  These concentrations depend on the dimensions of the water body and its 
hydrology and the fate of the PPP within the water body. A relatively simple ditch has been 
defined within this project. The ditch outside the greenhouse was assumed to be the same as 
in the open field. Differences that may occur in reality can influence the ranking of the 
emissions.  
 
6.6. Uncertainties with emissions to surface water in soil-bound systems arising from 
condensation 
Level of uncertainty: high  
Impact of uncertainty: high 
 
The modelling of emissions via condensation involved using a combination of several tools. 
The indoor climate data and the average rate of ventilation were simulated with KASPRO.  
The volumes of condensation in the Venlo greenhouse were calculated with 
WATERSTROMEN. The output from this model was then used within the model by Van der 
Linden (2009) to simulate losses of a PPP in condensation. The use of the three models and 
their parameterisation generates some uncertainty around the results.   
 
The temperature inside the greenhouse air and the condensation volumes.  
The temperatures were simulated with KASPRO based on measure outdoor data and we have 
confidence in the results. The water balance was simulated with WATERSTROMEN. There 
is limited information on actual volumes of condensation so the calculations are somewhat 
uncertain.  
 
The ventilation rate 
Any PPP that leaves the greenhouse via ventilation is not available for partitioning into 
condensation. The ventilation rate was assumed to be constant throughout the simulation 
period. This parameter was set to the annual average value calculated with KASPRO. In 
reality, the rate of ventilation shows a strong temporal variation. 
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The concepts for volatilisation and partitioning into condensate 
The model by Van der Linden (2009) is a pilot model and limited experience has been gained 
with the modelling of condensation losses. Previous simulations have been undertaken for 
less volatile compounds. Three calibration factors were introduced into the model to account 
for simplifications in the model concepts. The calibration factors were derived by testing the 
model against measured data. Nonetheless these factors are uncertain. They have a large 
effect on the result.  
 
The fraction of applied PPP initially airborne  
The total mass lost in condensation is strongly dependent on this parameter as it influences 
the peak concentration in condensate immediately after application. This fraction is unknown 
and carries a high degree of uncertainty. 
  
The vapour pressure, solubility and molecular weight of the PPP 
These are in principle known for the PPP of interest, although the measurements of vapour 
pressure and solubility are associated with a degree of uncertainty. Only one set of compound 
properties was simulated. Emissions will be higher for compounds with larger vapour 
pressure. 
 
The thickness of the condensation layer that the PPP partitions into, the laminar boundary 
layer resistance, molar enthalpy of vaporisation and of dissolution. 
These parameters influence the concentration in the condensate and hence the mass of PPP 
entering the system via condensation The parameters were set to default values based on 
literature data. The parameters are uncertain and the effect on the results can be large. 
 
Competing dissipation processes. 
Degradation in air, degradation on the floor (often covered with plastic sheets) and on the 
plant reduce the amount available for volatilisation. These processes are not well 
characterised and accurate input parameters are difficult to determine for new compounds. 
 
6.7. Conclusions  
The results of this study suggest that emissions to surface water from covered crops can be 
significant. Up to 0.6% of the applied mass was simulated to be lost via the drainage system 
for a lettuce crop grown under cover with 50% irrigation excess, on average over the 15-year 
simulation period. Losses of this magnitude can lead to large concentrations in surface water. 
For most compounds tested, the losses and concentrations in a ditch were much smaller than 
those simulated for the field situation. Emissions from the greenhouse exceeded those in the 
field only for compounds with short half-lives in soil. The calculated losses for these 
compounds are smaller than 0.1%, these cases are expected to result in relatively low levels of 
exposure of surface waters. Whether or not these levels can cause harmful effects on the 
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environment depends on the behaviour within the water body and the ecotoxicological 
characteristics of the compound. Further work may be needed to evaluate whether this is 
warranted to develop specific regulatory risk assessment scenarios to assess losses via 
drainflow from covered crops. The uncertainties and simplifications inherent in the 
methodology used here (see above) should be taken into account. 
Potential emissions from the greenhouse via condensation were calculated to be large (10-
12%). But these results are associated with a relatively high degree of uncertainty and further 
work is necessary to verify this finding. It must also be noted that the condensation water is 
unlikely to enter surface water directly without any further reduction in PPP concentrations.  
7. RESULTS AND DISCUSSION ON EMISSIONS TO SURFACE WATER FROM SOIL-
LESS CULTIVATION 
7.1. Water balance 
WATERSTROMEN simulated the water flows through the soil-less cultivation system for 
peppers in the Venlo greenhouse for the driest (2003) and wettest (1998) of the 20 years of 
weather data from Rotterdam airport and for an intermediate year (1991). The model is not 
user friendly enough to have time to execute all 20 years, but more important is the fact that 
the most extreme years are used and each year is an independent occasion which is not 
influenced by the previous years.  Two levels of salinity (0.1 and 1.8 mmol L-1) and two 
storage capacities for rainfall (500 and 1500 m3) were considered. 
The annual water balance for the simulated scenarios is given in Table 31. 
Table 31. Water balance in soil-less cultivation of peppers simulated with 
WATERSTROMEN for 3 years and two levels of salinity and rainfall storage capacity  
Y
ea
r 
Sa
lin
ity
 
 
 
 
 
 
(m
m
o
l L
-
1 ) 
St
o
ra
ge
 
ca
pa
ci
ty
 
(m
3 ) 
R
ai
n
 
(m
3 ) 
Cr
o
p 
u
pt
ak
e 
(m
3 ) 
W
at
er
 
su
pp
ly
 
(m
3 ) 
R
e-
ci
rc
u
la
te
d 
(m
3 ) 
Co
n
de
n
sa
tio
n
 
(m
3 ) 
D
isc
ha
rg
e 
(m
3 ) 
Fi
lte
r 
cl
ea
n
sin
g 
w
at
er
 
(m
3 ) 
Le
ak
ag
e 
(m
3 ) 
R
ai
n
w
at
er
 
u
se
d 
(m
3 ) 
A
dd
iti
o
n
al
 
w
at
er
 
(m
3 ) 
To
ta
l w
at
er
 
u
sa
ge
 
(m
3 ) 
1998 0.1 500 11490 6564 8751 2188 849 0 95 131 5232 702 6790 
 0.1 1500 11490 6564 8751 2188 849 0 95 131 5935 0 6790 
 1.8 500 11490 6564 8751 2188 849 142 95 131 5258 819 6932 
 1.8 1500 11490 6564 8751 2188 849 0 95 131 5935 0 6790 
1991 0.1 500 7135 6980 9306 2327 919 0 101 140 4445 1850 7220 
 0.1 1500 7135 6980 9306 2327 919 0 101 140 5876 419 7220 
 1.8 500 7135 6980 9306 2327 919 535 101 140 4421 2409 7755 
 1.8 1500 7135 6980 9306 2327 919 96 101 140 5883 508 7317 
2003 0.1 500 6046 7585 10113 2528 998 0 110 152 4445 2397 7846 
 0.1 1500 6046 7585 10113 2528 998 0 110 152 5291 1551 7846 
 1.8 500 6046 7585 10113 2528 998 683 110 152 4546 2980 8529 
 1.8 1500 6046 7585 10113 2528 998 465 110 152 5341 1966 8311 
The use of water by the crop differs between the three years due to differences in solar 
radiation and temperature. Discharge of used nutrient solution was largest in the year with the 
smallest volume of rainfall (2003). The less rainfall, the more water of inferior quality has to 
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be used and more water needs to be discharged to maintain the salinity levels below the crop’s 
maximum tolerance. The discharge is also the larger the higher the salt content and the less 
rainfall can be stored (Table 31).  
Figure 65 illustrates the volumes of water uptake by the pepper crop in 2003 as a result of 
radiation and heating. Water uptake (mostly transpiration, small part fixed into plant mass as 
leaves and fruits) shows a typical seasonal pattern which is mainly driven by solar radiation.  
Figure 65 Simulated water uptake from the pepper crop in 2003  
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The total water supply is shown in Figure 66 for 2003 for [Na] in the additional water = 1.8 
mmol L-1, rainwater basin = 500 m3. The water supply is 75 % used by the crop. The 
remaining 25% are re-circulated in the system. There is an additional input of condensation 
water collected within the greenhouse. Rainfall is collected and stored in a basin from where 
it can be supplied to the system when needed. Additional water is used when the volume of 
water in the rainfall storage basin falls below a certain level (Figure 67). A smaller basin is 
empty sooner and more additional water needs to be used to meet the demand of the crop.  
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Figure 66. Daily water supply to the crop simulated with WATERSTROMEN (2003, 1.8 
mmol L-1, 500 m3) 
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Figure 67. Simulated daily volumes of rainfall in the storage basin (2003, 1.8 mmol L-1, 
500 m3) 
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Nutrient solution is discharged (moved to a waste-water tank and replaced by fresh nutrient 
solution) when the salt content exceeds the threshold sodium content for peppers of 
6 mmol L-1 (Figure 68). This level is reached more often in the system with the higher salinity 
of the additional water supply and the smaller storage capacity. Discharge occurs more 
frequently in the summer because less rain falls in this period and the crop uses more water. 
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Figure 68. Simulated daily volumes of discharge (Y2) and sodium concentration in the 
growing system (2003, 1.8 mmol L-1, 500 m3) 
sodium concentration and discharge
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7.2. Emissions of PPP arising from application in nutrient solution. 
The output of total water supply, crop uptake, discharge and volumes of condensation from 
WATERSTROMEN was used as input for the model by Van der Linden (2009) to simulate 
emissions of a PPP from soil-less cultivation systems to surface water. 
The year 2003 in combination with a high salinity of the additional water supply and a small 
storage capacity for rainfall was chosen for the simulations of emissions to surface water with 
the model by Van der Linden (2009). This scenario gave the largest volume of annual 
discharge (683 m3/ha = 68.3 mm). An additional simulation was undertaken for the wettest 
year (1998) to demonstrate the effect of rainfall on the emissions. Discharge in 1998 
accumulated to 14.2 mm. Note that the temperature in the greenhouse also differs to some 
extent between the two years.  
Only a single application date was tested in 1998 (30 April). Emissions from the system to 
surface water are strongly driven by the volume of discharge after application. Application in 
nutrient solution was made on various different dates in 2003 to test this effect. Eight separate 
simulations were undertaken, each with a different single application timing per year. The 
model was run until the end of the year. The date of application relative to the pattern of 
discharge of used nutrient solution simulated with WATERSTROMEN is shown in Figure 69. 
The discharge of water into surface water simulated with the model by Van der Linden (2009) 
is also shown. The model assumes that the discharged nutrient solution and any water used for 
filter cleaning is held in a waste-water tank. When a certain volume is exceeded in the waste 
water tank, water is released into surface water. The maximum permitted daily volume that 
can enter surface water was set to 4.8 mm per day. The total annual volume of water that was 
released into surface water in 2003 was 69.4 mm.  
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Figure 69.  Daily volumes of discharge of nutrient solution into the waste water tank in 
2003 (1.8 mmol L-1, 500 m3) simulated by WATERSTROMEN (top) and daily volumes 
of discharge into surface water 2003 simulated by the Van der Linden model (bottom). 
PPP application dates are shown as triangles. 
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The mass of the PPP that enters surface water is plotted against time from application on 30 
April 1998 and for application on 30 April 2003 and 17 July 2003 in Figure 70.   
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Figure 70. Cumulative (left) and actual daily mass (right) entering surface water after 
application to peppers in soil-less cultivation on 30 April 1998, 30 April 2003 or 17 July 
2003 (1.8 mmol L-1, 500 m3), simulated with the model by Van der Linden (2009) 
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Mass balances for all simulations are given in Table 32. 
Table 32. Mass balance for PPP applied in soil-less cultivation of peppers, simulated 
with the model by Van der Linden (2009) 
Year Application date 
Degradation 
(% of 
applied) 
Crop uptake  
(% of 
applied) 
   Leakage     
(% of 
applied) 
Surface 
water (% of 
applied) 
1998 30 Apr 9.7 85.5 3.4 1.3 
2003 30-Apr 8.8 82.8 3.3 5.1 
 12-May 9.0 82.6 3.3 5.1 
 24-May 8.8 79.0 3.2 9.1 
 05-Jun 6.7 67.5 2.7 23.0 
 18-Jun 7.0 66.5 2.7 23.8 
 02-Jul 10.2 70.4 2.8 16.5 
 17-Jul 9.4 60.7 2.4 27.4 
 30-Aug 12.0 81.1 3.2 0.9 
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The mass of PPP lost to surface water ranged from 0.3 to 27.4% of applied. The loss was 
much larger after application on 30 April in 2003 than in 1998, mainly due to the greater 
discharge. The emission strongly depended on the timing of application in 2003. Larger losses 
were simulated when application was made just before or during periods with frequent 
discharge (Table 32, Figure 70). Recirculation of water and therefore uptake of substance by 
the crop is much lower in such situations. A loss of almost a third of the applied amount was 
simulated after application on 17 July. 
 
7.3. Emissions arising from spray application 
Emissions of sprayed PPP to the greenhouse air and partitioning into condensation water were 
calculated with the model by Van der Linden (2009) for the years 1998 and 2009 for the 
highest salinity level and the lowest rainfall storage capacity (worst-case conditions). 
Application was made on 30 April to peppers. 
The mass of PPP entering the cultivation system via condensation is shown in Figure 71 for 
the two years. The mass entering the surface water is also shown.  
Figure 71.  Actual daily mass entering the system via condensation (left) and actual daily 
mass entering surface water (right) after application to peppers in soil-less cultivation on 
30 April 1998 or 30 April 2003 (1.8 mmol L-1, 500 m3), simulated with the model by Van 
der Linden (2009), note difference in scales 
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The mass of PPP entering the cultivation system via condensation shows an initial peak at the 
time of application followed by an almost continuous entry at a lower level. The resulting 
discharge to surface water is much smaller than the mass entering the system (note difference 
in scales) because degradation processes and plant uptake reduce the mass before discharge.   
The total mass entering the system via condensation over the 350 day simulation period is 
9.8% in 1998 and 10.8%% in 2003. Table 33 gives the mass balance over the two years. Less 
than 1% of the applied amount is discharged to surface water. This is much smaller than the 
mass entering surface water after application directly to the nutrient solution (1.3% in1998 
and 5.1% in 2003, see Section 1137.2). The mass that was on the soil at the time of 
application (0.47 kg/ha) declined to less than 7% by the end of the simulation period. But a 
large proportion of the amount initially on the crop (0.50 kg/ha) remains on the crop surface 
(~0.40 kg/ha). This is due to the fact that dissipation on the plant surface was assumed to be a 
very slow process (DT50 10000 days). The assumption of very slow dissipation from the crop 
surface gives a worst-case situation. In reality, the PPP penetrates into the plant and is broken 
down under the influence of sunlight. The amount that is still on the crop is potentially 
available for further volatilisation. However, in practice, the crop is removed at the end of the 
year. 
 
Table 33. Mass balance for PPP applied in soil-less cultivation of peppers (% of applied), 
simulated with the model by Van der Linden (2009) 
% of applied 1998  2003 
Degradation 37.50 38.73 
Crop uptake   7.71 7.93 
Leakage      0.28 0.28 
Emission to outside air 5.28 5.77 
Mass remaining in soil  6.97 5.68 
Mass remaining on crop surface      40.69 39.78 
Mass remaining in air & condensate      0.11 0.10 
Mass remaining in cultivation system 1.24 1.22 
Surface water 0.23 0.92 
 
7.4. Uncertainties with emissions to surface water in soil-less systems 
The uncertainties inherent in the approach used here are related to the scenario assumptions, 
models and input parameters. The WATERSTROMEN model and the model by Van der 
Linden (2009) have been used for this part of the assignment. Both have been developed 
specifically for soil-less systems of the type simulated here. The uncertainties in the 
condensation part of the Van der Linden model were already discussed previously.  
A closed loop system in the Central zone was simulated in this project. Discharge was 
assumed to occur in response to salinity levels above legal limits. In reality discharge may 
also occur for other reasons, because the grower feels that the quality of the crop could be 
compromised when the same nutrient solution is used for a long time. The emissions of PPP 
could thus be larger than simulated here. Losses via leakage or overflow of the system may 
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also be higher than assumed in the model. This would reduce emissions to surface water as 
the model used assumes that water leaking from the system seeps into the soil. 
In open-loop systems, any excess nutrient solution is not re-circulated, but it seeps into the 
ground from where it can move to groundwater or surface water. The emissions from open-
loop cultivation systems can thus be greater than simulated here, but there is some attenuation 
in the ground before the water body is exposed to the chemical.  
A number of worst case assumptions were made. Simulations were undertaken for peppers, a 
crop with a relatively low salt tolerance. Discharge will be made less frequently and 
emissions of PPP will be lower during the cultivation of salt tolerant crops such as tomatoes. 
The storage capacity for rainfall and the sodium level of the additional water supply are also 
very important. Simulations of PPP emissions were undertaken for a rainfall tank of 500 m3 
capacity and a sodium level of 1.8 mmol. But many growers use water that has undergone 
reverse osmosis to reduce the salt content and larger storage tanks for rainwater. The 
WATERSTROMEN modelling showed that this can reduce or even eliminate the need for 
discharge during the growing season.  
Simulations were only undertaken for the Central zone. It was assumed that the water released 
from the system goes directly to surface water, after storage in the waste water tank. Less 
rainwater is available in warmer countries in the Southern zone, and more water of a poorer 
quality must be used. But in these countries, any water that leaves the cultivation system 
seeps into the ground where it evaporates. There is no direct connection with surface water. 
The only exception may be coastal or delta areas where the water could be directly discharged 
into the water.  
Temperature influences degradation of the PPP in the various tanks. The temperature is 
controlled within the greenhouse so the between-year variation of temperature is limited. The 
temperature inside the greenhouse can differ between crops, depending on their temperature 
optima. Emissions after application to nutrient solution will be higher for crops with a lower 
temperature optimum. The compound simulated here is relatively persistent with a DT50 in 
all water tanks of 100 days at 20oC. Emissions to surface water will be smaller for PPP with a 
shorter half-life.  
The effect of the crop on emissions arising from spray application is less clear. As described 
above, higher temperatures enhance dissipation, but volatilisation is also increased and so the 
overall effect of temperature maybe small in the case of spray application. The crop also 
influences the emissions via the volume of condensation and the water balance within the 
system. 
Sorption of the PPP to the substrate was not accounted for in the modelling, this will reduce 
emissions. Another factor that strongly influences the modelling results is the transpiration 
stream concentration factor (TSCF). This parameter drives the uptake of the PPP by the crop 
with the water used for crop growth (0 = no uptake, 1 = completely passive uptake). The 
actual value of TSCF is unknown. It was set to a value of 0.5. This was derived based on the 
equation by Briggs et al. (1982). As a result, a large proportion of the applied PPP was taken 
up by the crop in all simulations (Table 32). This mass is not available for discharge. Reduced 
crop uptake would lead to greater emissions to surface water and vice versa. It should be 
noted that the applicability of the equations by Briggs for soil-less systems is not clear. 
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It should also be kept in mind that PPP that runs off the sprayed plant into the water system 
was not considered in the modelling. This can potentially be an important route of entry 
although this should be avoided under good cultivation practice. 
 
7.5. Conclusions 
Emissions from soil-less cultivation systems are not covered by the current risk assessment 
methodology for the field, because an equivalent route of entry does not exist outdoors. The 
calculations undertaken in this study showed that large proportions of the amount applied in 
soil-less cultivation can potentially enter surface water when application is made directly to 
the nutrient solution. The losses are smaller after spray application.  
It may, be necessary to develop risk assessment scenarios to address the greenhouse-specific 
situation of soil-less cultivation. However, only selected model simulations were carried out 
for a worst-case situation and the results cannot be extrapolated widely. The uncertainties and 
assumptions inherent in the approach should be taken into consideration. 
 
8. SUMMARY OF CONCLUSIONS 
An effective programme for chemical risk assessment requires a good basis for estimating 
exposure of organisms to the chemical.  In the specific case of PPP, it may be possible to use 
existing scenarios of exposure to cover the situation with greenhouses.  The purpose of this 
report has been to explore the potential for outdoor field scenarios to cover the emissions of 
PPP from greenhouses.  There are various routes of emission, and there are uncertainties 
associated with each.  However, it is possible to draw some conclusions for the various routes 
and to link these conclusions to the various European zones (North, Central, Southern). 
Emissions to air due to volatilisation 
We cannot say definitively whether emissions from greenhouses via volatilisation will be 
larger or smaller than emissions from the open field, as there is currently no validated 
methodology that can be applied across both environments.  What is clear is that emissions 
from all types of greenhouses may occur in any European zone, and that a specific 
methodology for this calculation may be needed. 
Emissions to air due to drift 
Emissions via drift from walk-in tunnels, having a continuous ventilation even during 
application of PPP, may be of a similar amount to drift from the open field. Even though the 
cover of the structure restricts drift to a certain extent, the nature of the spray equipment and 
nozzles used may lead to substantial emission of droplets across the boundary of the structure. 
This conclusion is hesitant: to our knowledge there are no adequately validated modelling 
systems, and we have developed new systems based on physical principles. If the assumptions 
behind the modelling are inappropriate (in particular with regard to air movements), then a 
different conclusion may be appropriate. It would be helpful to confirm this conclusion with a 
combined experimental and modelling study. 
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Another critical factor is that we do not know how many individual walk-in tunnels contribute 
to drift losses from an area covered with several of these structures with gaps in between.  
Simulations were undertaken to represent the southern European zone. We presume that in the 
central and northern zones, the potential for ventilation and drift from walk-in tunnels and 
similar structures would be reduced, as the ventilation and temperatures would be lower. 
However, the typical application systems and their effect on drift must be taken into account 
in any attempt to extrapolate our results to other zones of Europe.  
Emissions to ground water due to leaching 
Under some circumstances, PPPs may leach to ground water. However, our results suggested 
that emissions under open field situations are generally substantially lower than emissions in 
greenhouses. This was tested for greenhouses representative of the central zone, and this 
result could be transferred to the northern zone.  The main reason for this is the effect of warm 
indoor temperatures on enhancing degradation.  
In the southern zone, the temperature differential between the inside and the outside is likely 
to be lower, and so the emissions via leaching may be closer when comparing the two 
environments. In warmer, drier climates, irrigation is applied in the field and in covered 
structures. This will further influence the differential between emissions from covered 
structures and the field. It would, therefore, be very useful to extend the range of model 
simulations, taking into account typical cultivation practices, structures and climatic 
conditions in the Southern zone.  
The key uncertainty is linked to nature of water and pesticide movement within the soil.  If 
water and pesticide flow is not uniformly downwards (for example under drip irrigation), then 
there may be enhancement of leaching from a part of the soil. This suggestion should be 
clarified using a suitable multi-dimensional modelling or experimental study. 
Emissions to surface water from soil-bound cultivation via drainage 
For most substances, the emissions via drainage will be much lower in a greenhouse 
environment than in an open field environment. For substances with a short DT50 in soil, then 
this result is not so clear, and the greenhouse environment may lead to greater emissions than 
those found in the field; however the total losses under such circumstances are likely to be 
low. 
The results of this study suggests that emission from greenhouses is likely to be lower than in 
scenarios used in the current risk assessment methodology for the field in many cases. But, 
given the uncertainties and simplifications inherent in the methodology used, it may be 
necessary to develop specific scenarios for protected crops. 
Emissions to surface water from soil-bound cultivation via condensation 
Emissions to surface water from soil-bound cultivation via condensation have no similar 
emission route in the open field. It is envisaged that emissions via this route are relevant as 
the current study simulated considerable losses. Further work is necessary to verify this 
finding.  
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Emissions to surface water from soil-less cultivation 
Large proportions of the amount applied in soil-less cultivation can potentially enter surface 
water when application is made directly to the nutrient solution (much less so when 
application is made as a spray). The key driving factors are the pattern of discharge (as 
influenced by the salt tolerance of the crop, the total annual volume of rainfall, the storage 
capacity of the system and the quality of the additional water supply), the temperature inside 
the various water tanks, the application timing relative to the time of discharge, and 
competing dissipation processes such as plant uptake and degradation. 
Current risk assessment methodology for open field does not include discharge of used 
nutrient solution to surface water. As this type of emission may, dependent on local 
conditions, involve a significant portion of the application amount, it may be necessary to 
develop risk assessment scenarios to address the greenhouse-specific situation of soil-less 
cultivation. 
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List of abbreviations 
DT50 – Time for 50% dissipation 
Kom – Sorption coefficient normalised to organic matter 
LAI – Leaf Area Index 
OM – Organic Matter Content 
OC – Organic carbon content 
PPP – Plant Protection Product 
TSCF – transpiration stream concentration factor  
